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Introduction 


Diets fed to wild animals under human care should stimulate natural feeding 
behavior, and attend to the natural requirement of the animals. A good diet is 
an important step to health and longevity of zoo animals. It should improve 
wellbeing and have a positive long-term effect on the management of the spe- 
cies. 

With the above statement in mind, initiatives were taken to organize the 
First European Zoo Nutrition Conference. The target of that conference was to 
bring together people involved in zoo animal nutrition and in all, over 180 rep- 
resentatives of zoos, universities, research facilities, and the food industry met 
in Rotterdam in January 1999 for 3 days. Applied papers from the conference 
were published in a special edition of the EAZA newsletter in 1999. 

Most of the other contributions will be found in this publication. The editors 
and other reviewers have reviewed the manuscripts published in this book. 
However, the manuscripts still reflect the views of the authors who bear respon- 
sibility for the text, design of the studies and interpretation of the data. 

Organizing a conference and publishing requires the help of many persons 
and organizations. Therefore we would especially like to thank Cologne Zoo for 
their hospitality during the meetings held there and the EAZA Research Com- 
mittee for their support. Our gratitude is extended to some other institutions 
for their support in our endeavor: Rotterdam Zoo, Division of Zoo Animals and 
Exotie Pets, University of Zurich, German Primate Center, Department of 
Nutrition, Faeulty of Veterinary Medicine, University of Utrecht. 

By contributing the papers presented in this book, the authors will be mov- 
ing the improvement of zoo animals' diets a step forward and for that they 
should also be acknowledged. Special mention is given to Andrea Fidgett (Uni- 
versity of Glasgow) for improving the language of many of the articles. 

Nonetheless, the main acknowledgement should go to the participants of 
the conference. Their enthusiasm will ensure that there are many more confer- 
ences like this one. 


Joeke Nijboer, BSe 
Dr. med. vet. Jean-Michel Hatt 
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Nutrition Research in Zoo Animals 


Abstract 


This paper presents an overview of aspects that should be consid- 
ered when planning and carrying out nutrition research with 200 
animals. Zoo animal nutrition research in the narrow sense com- 
prises studies of the digestive strategies of zoo animals, In the 
broader sense it involves studies such as comparative anatomy and 
physiology, behavioural studies, and studies on foodstuff analyses. 


Zoo animals are considerably more difficult subjects as compared 
with traditional erperiments designed with domestic, and partieu- 
larly laboratory animals. The available number of animals is usual- 
ly small and their heterogeneity large. Options are discussed to over- 
come this disadvantage. The following aspects for z00 animal 
nutrition research are discussed: formulating a problem, developing 
a research design, setting out alternative hypotheses, appropriate 
sampling and data collection techniques, and data analysis. As a 
contlusion there is encouragement for more rigorously designed 
scientific projects incorporating a multidiseiplinary approach, such 
as the involvement of universities. Finally, the need tor publishing 
results of nutrition studies in scientific journals is emphasised. 


Keywords 


hypothesis, small n, data analysis, diet 


d Introduction 


ee diet ol a zoo anial ie rare. the same in caplisits as Hie species would 
eat in it- naturel habitat Generals à substitute diet tras to be designed. \- 


1. “Zoo Animals” are defined as collective term for captive wildlife, including all ver- 
tebrates with the exception of those defined as “domestic animal” as in Article 12 
of the Swiss Animal Protection Ordinance of 27th May 1951 (“Domestic animals” 
are domesticated animals of the following species: horses, cattle, pigs, sheep, and 
goats — not including exotic breeds thereof — as well as domestic rabbits, dogs. cats, 
and poultry (hens. turkeys. guinea fowl, geese, ducks, and domestic pigeons)). 
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though considerable developments have been made concerning zoo animal nu- 
trition including more scientifically based zoo nutrition research (Dierenfeld 
1997), presently most diets are based on tradition. Many zoo animals survive 
on these diets, and may even reproduce. However, diet related diseases still oc- 
eur frequently in zoo animals as exemplified bv the most frequently captive 
kept mammalian species, the ruminants (Gutzwiller 1954, Kossow 1956. 
Marholt 1991, Hatt et al. 1995). A general overview on nutrition and disease in 
zoo animals has been given by Allen and Montali (1995). 

The improvement of substitute diets depends on more detailed basic knowl- 
edge of the requirements of the species. For zoo animals these requirements 
are defined by optimal health (which includes physiological growth and regular 
reproduction) and longevity. This is in contrast to domestic animals where 
requirements are often defined in view of a certain production, such as meat. 
eggs or milk. The knowledge of the nutritional requirements of zoo animals 
may be gained bv "trial and error” studies or through svstematie scientific 
studies on the digestive strategies and physiology of the species. The inereas- 
ing importance for research on the correct nutrition of zoo animals is sup- 
ported by the inereasing involvement of zoos in conservation issues. To lose 
animals due to improper feeding is not acceptable from both an ethical and a 
conservation standpoint. The limits of extrapolation of nutrient requirements 
derived from domestic animals for the design of zoo animal diets are becoming 
more and more obvious. An elephant is not a horse, a kudu is not a cow, and an 
ostrich is not a chieken. Not only are their digestive traets different. but offering 
feeds designed for livestock can potentially be harmful for zoo animals (Coenen 
and Kamphues 1995). 

Considering this, it should be weleomed that the number of nutrition 
research projeets involving captive non-domestic animals is growing. although 
compared to other topics in zoo research they still comprise just a small per- 
centage. Hardy (1996) provides a general overview on current research activi- 
ties in Zoos. She cites the American Association of Zoological Parks and Aquar- 
iums (AAZPA) which listed in its Annual Report on Conservation and Science 
1991-1992 302 projects with mammals in 40 zoos (Wiese et al. 1992). Only 3.3 % 
was research on nutrition and diet. The majority of the research projects were 
on behavioural ecology and reproductive physiology. 

A reason for this comparatively small number of projects is that (in most 
cases) nutrition research conducted with zoo animals requires direct contact 
with the animal, which is often difficult and dangerous. Furthermore the 
research hypothesis usually doesn't arise from an emergency situation. Behav- 
joural studies have the advantage that thev don't interfere much with the ani- 
mal's life, but are merely based on observations made usually from a distance. 
Studies of reproductive physiology on the other hand, often arise in a situation 
of conservation emergency and direct intervention will be more readily allowed 
as has been the case in several felid species (Wildt and Roth 1997). 
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An important aspect that should generally be taken into consideration with 
zoo animals is that they pose more difficulties than conventional laboratory 
animals. The number of study animals is usually small, thev have a high varia- 
bility, and the environment is difficult to control. Furthermore, zoos rarely 
employ trained scientists. These two aspects are possibly the answer why stud- 
ies with zoo animals are often perceived as not being "good science" and results 
are often questioned. 

However recent publications, such as the paper from Saudergas and Drum- 
mer (1996), have demonstrated wavs to design and carry out correct studies in 
the zoo setting which may also be applied in zoo nutrition research. The 
present paper aims to highlight some of the important aspects to consider when 
designing a zoo nutrition research project. The topies diseussed are based on 
special aspeets which Croekett (1996) proposed in her ehapter on "data collee- 
tion in the zoo setting". Where she is concerned mainly with behavioral studies, 
the present paper will focus on the importance for the design of nutritional 
studies. 

The following topies will be discussed in detail: formulating a problem, 
developing a research design, setting out alternative hypotheses, appropriate 
sampling and data collection techniques, and data analysis. 


2. Formulating a problem 


The general aim of zoo nutrition research studies is to contribute knowledge 
that ensures zoo animals are fed appropriately. In the future we hope to know 
the requirements and standards required for any species, concerning its feed- 
ing in captivity. This will require research in a variety of fields including the fol- 
lowing: studies on comparative anatomy and physiology, behavioural studies, 
and studies on foodstuff analvses. Zoo nutrition research in sensu strietu is 
studies on the digestive strategies of zoo animals. To obtain results that will al- 
low the estimation of valid requirements, accurate studies have to be carried 
out. The study must also test a hypothesis that is well defined. Unfortunately. 
nutrition projects often start from a rather vague point, such as an increased 
oceurrence of deaths in a species, without elear diagnosis. An unclear answer 
in the post mortem report often leads to the conclusion that it might be a nu- 
trition problem, and a research project is initiated. This may result in a puta- 
tive hvpothesis such as: "Sudden death svndrome in giraffes is caused by a 
protein-deficient diet." This in turn will probably lead the researeher to send 
out a questionnaire and he or she will receive data from post-mortems and in- 
formation about captive diets for analysis. It is doubtful that this information is 
appropriate even with regard to the question asked. A better approach might 
be to specifically test the apparent digestibility of the protein in different diets 
and to find out how efficient giraffes digest protein sources offered. Onlv once 
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we know this, can we consider working up to {he question of whether protein 
deficiency could cause death. 

Therefore the first step to a good research project is the definition of a spe- 
cific problem. In the example of the giraffes dying, the specific questions posed 
at the start of the investigation might be; what is protein deficiency in giraffes 
(and maybe in related species)?, what is the digestive efficiency of protein in 
giraffes compared to related species?, how well does the giraffe digest different 
protein sources? 

Last but bv no means least, it is important to formulate a problem by con- 
sidering the possibilities of a long-term strategy. As will be discussed later, co- 
operation with other institutions is important in zoo nutrition research. It is 
more likely that different institutions will become actively involved in a project. 
if it offers a longer perspective. 


3: Developing the research design 


The major constraint in developing an experimental research design is the 
many variables that are inherent to research studies in zoo animals. The sub- 
jects, i.e. the animals that are being used for the project, are not standardised, 
as is the ease with laboratory animals. This lack of standardisation will make 
it more diffieult to draw conclusions that are valid for the entire species. In gen- 
eral only small numbers may be used. Considering the project with giraffes 
again, it is likely to be difficult to utilise more than four or five animals in a zoo. 
The animals may be of different sex, age, and origin. Extraneous variables 
have to be eontrolled for unambiguous interpretation of the data. In a zoo situ- 
ation, maintaining adequate control over the eourse of a study may be diffieult. 
Variables such as the weather, the animal's health, seasonal changes that may 
influence diet intake (e.g. estrus, climate) or digestibility have to be anticipated 
if possible. Even the faet of whieh keeper is working may have an influence on 
the course of a project. When developing a research project it is important to 
make a list of foresecable variables and decide on which ones are critical to the 
outcome of the project. Critical variables should be brought under control 
either by changing the management of the animal or by adapting the project. 
As an example, let's take a study where individual faecal samples from okapi 
have to be collected for a certain period. One individual is known to be gravid 
and it is foreseeable that it might give birth during the study and for a few days 
afterwards, it ean be expected, that the animal should not be disturbed and 
therefore sample collection will have to be discontinued. This critical variable 
influencing the number of samples will best be brought under control either by 
changing the project (different timetable or excluding the animal from the 
study). 

As a general rule it is advisable to involve the keepers working with the ani- 
mals to be studied at an early stage of planing. 
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The concept of "single subject (small N)” as deseribed for zoo research by 
Saudargass and Drummer (1996) might be worth considering for the design of 
a research projeet. Although the authors develop the design for zoo behaviour 
research, the concept is useful for zoo nutrition research as well. ^s opposed 
to the traditional design using larger groups, single case designs use repeated 
measures on the same individuals. A major advantage is that the animals stud- 
ied serve as their own controls. This method has a high internal validity and 
establishes a functional relationship between variables. 


In general most research in zoo animals is limited to observation and col- 
lection of excrements. Invasive procedures in most cases are not possible. Even 
taking a blood sample might not be possible especially if it has to be repeated 
on a regular basis. In nutritional studies, most data originates from analvsis of 
samples of feeds, faeces, and urine. It is important to increase the value of 
these samples. A major problem with faeces and urine is that usually total eol- 
lection is not possible although often needed in nutrition studies such as the 
measurement of the digestibility. Reasons for this may be that animals are kept 
in groups, or access is limited for safety reasons. A valuable tool to overeome 
this problem is the use of internal and external markers. Markers are sub- 
stances intended to identify certain fractions of the digesta. Internal markers 
are substances that naturally occur in a foodstuff, while external markers are 
added to the diet. There are a number of possible markers to use that range 
from the feeding small plastic beads to identify faeces from an individual ani- 
mal, to the analysis of internal markers such as wax eomponents in foodstuff 
and faeces for subsequent estimation of a diet composition. The choice of mark- 
ers will depend on the species and question that has to be answered. Whereas 
it may be possible to feed a certain marker to one species, this might not be pos- 
sible in another. Preferences might even occur between two individuals of the 
same species. In some cases animals may have to be trained to eat a certain 
item. 

An important aspect when it comes to developing research design is the 
cooperation of zoos with external institutions, such as universities. It has been 
pointed out by Oftedal and Allen (1996) that only a few zoos employ a nutrition- 
ist, and few trained scientists work in the zoo. This lack of scientific back- 
ground can have a negative effect on the planning and development of a 
research project, which in turn will have consequences on the data obtained. 
Therefore valuable input to the practical knowledge of the zoo researcher may 
come when external scientists are involved. Furthermore such a co-operation 
may also be positive due to the use of analytical and technical resources that 
can be used at such institutes. 

Finally, it may be necessary to perform preliminary analyses before final- 
ising the research design, for example to test the acceptance of an external die- 
tary marker. 
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4. Set out alternative hypotheses and their consequences 


Research in zoo animals is usually descriptive, which means we don't know 
what is going on and what we expect to find. Often researchers in zoos neglect 
to set out alternative hypotheses. Not only the null hypothesis (which is the one 
to be rejeeted), but also the alternative hypothesis (the one that is predicted or 
hoped to be true) and its eonsequences for the interpretation should be speci- 
fied and carefully thought of beforehand. for statistical analvsis to be most 
amenable. The following example demonstrates the impact that neglect of 
these aspects ean have. 

Example: Suppose vou plan a study to demonstrate that, if fed at libitum. 
young kudus (< 1 7/) ingest a higher percentage of pellets in a certain diet than 
older kudus (> 1 7) (= alternative hypothesis). Your 0-hypothesis will be that 
they ingest the same percentage. Suppose you measure from September to Feb- 
ruary the pereentage of intake in voung kudus, and from March until August 
the intake in old kudus. Suppose the results show that voung ingest a higher 
pereentage than the older kudu. On a statistical basis vou will be able to reject 
the 0-hypothesis, because the two groups don't ingest the same percentage. .\s 
a consequence of rejecting the 0-hvpothesis, on statistical grounds this will also 
mean that vou would have to accept the alternative hvpothesis. But vou will not 
be able to interpret the alternative hypothesis because vou haven t considered 
in the planning of the project that there might be a seasonal difference in the 
percentage of pellets ingested that are unrelated to age. 

Behaviour and biologieal eharaeteristies may nullifv the results of many 
research projeets. As another example. measuring diet intake of a group of 
Bactrian camels during January may lead to the conclusion that males ingest 
less food than females. This obviously is wrong. considering that many males 
stop feeding for several days during rut. Researchers should be prepared for 
eventual modifications of the procedures. In this case this might mean measur- 
ing during another period of the vear. Again the earlier mentioned research 
design proposed by Saudargas and Drummer (1996) might offer the best solu- 
tion. With single ease design the researcher has the option to adjust the 
method, or stop if it becomes obvious that the data does not warrant the 
method. 


5; Sampling and data collection techniques 


As a general rule keep data collection in zoo research simple. The aim is to get 
data that is unbiased. Some data such as weight or nutrient intake are relative- 
ly easy to measure. Others such as ingesta passage rate or digestibility might 
be more difficult. The author has experienced that an important factor in the 
quality of samples received depends on the eo-operation of keepers. Often they 
are the only people who are able to eolleet the sample such as urine, faeces, or 
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food leftovers. Utilising the keepers’ knowledge and experience in the planning 
of the project will greatly improve their support and as a result, improve the 
quality of the samples. 

A very popular general method for collecting data in zoo animal research 
that is also used for answering questions related to nutrition, is the use of ques- 
tionnaires. There are instances where the use of a questionnaire may be help- 
ful. For instance, a project that is directed towards a specific health problem in 
a zoo may use a questionnaire in a pilot study to evaluate the importance of this 
disease in other zoos. The answer here is fairly reliable. You may get reports of 
biopsy exams or post mortem examinations. On the other hand, the usefulness 
of questionnaires to develop feeding recommendations is guarded because 
there is no control over the quality of the data. The responses to such a ques- 
tion will often be a table containing diets of the animal recorded. However, in 
praetice the feeding regime may often be considerably different. Furthermore 
these records show what the animal receives but not what it actually eats. This 
example exemplifies the deficiencies inherent in questionnaires. In conclusion, 
the method of sampling and data collection method should be seriously consid- 
ered and in general, it is advisable that the sampling and data collection should 
be done by the person or the group directly involved in the project. 


6. Data analysis 


The first step in data analvsis should always be visual inspection of data and it 
is important to start with this analysis while the study is proceeding, thus al- 
lowing modifications in the procedure. should they become necessary. At the 
next level, data analysis using statistical methods will need to be carried out. 
The problems involved with the number and the heterogeneity of the subjects 
has a considerable impact on the data analysis. Large group designs using in- 
ferential statistics are often not feasible in a zoo situation. The use of paramet- 
ric or non-parametrie statistieal tests, such as ANOVA or t-test, require a large 
number of data to be significant and in many cases there won't be enough sub- 
jeets for these tests in zoo research. One option might be to repeat a certain ex- 
periment to get the needed number to show a significance. Another option is 
the use of newer statistical tests whieh have been devised that don t need large 
numbers of data points (Crosbie 1993). 

However, in certain situations, such as the example with the kudus (alter- 
native hypothesis), it might be advisable to renounce to the use of statistical 
methods. A misleading conclusion based on statistical significance is worse 
than a sound assumption based on non-significant results. Researchers and 
publishers should be encouraged to allow important projeets to become aeces- 
sible to others even when statistical significance is not established. The fear of 
not having statistically significant results is maybe one of the reasons why S0 "o 
of zoo nutrition data is not being published (Melissen 1994)! 
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7. Conclusion 


1. In contrast to studies of domestic animals, zoo animals represent more dif- 
ficult subjects. The degree of standardisation is low and therefore the vari- 
ability of the results is high. The design of rigorous scientific projects is 
crucial to the meaningfulness of the data. Single subject (small N) research 
designs are a valuable option for data collection and statistical analysis in 
Z00 research. 

2. Co-operation between zoos with other institutes, such as universities, 
should receive inereasing importance in the future. This will allow the effi- 
cient joining of the practical knowledge and definition of the question bv 
the zoo personnel, and the input of scientific background by the institute's 
personnel. 


3. Data from research projeets should be published in a reputable outlet to al- 
low others to share the knowledge obtained. This should also be the ease 
even if results have no statistical significance, as long as the projeet is im- 
portant. 
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Dietary Husbandry of Commonly 
Exhibited Terrestrial Invertebrates 


Abstract 


The determination of feeding requirements for invertebrates in 
captivity, and successful methods for meeting them, is based on 
knowledge of the animal’s natural history, mouthparts, and gut 
structure. While artificial diets have been used for decades for mass 
rearing of insects required in academic and industrial studies, 
targeted development of artificial diets for exhibit species or those 
species in conservation programs has rarely been investigated. 
Furthermore, studies of interactions of feeding regimes (amounts 
and frequencies) with environmental factors necessary for proper 
growth and development have only been sporadically documented 
for the species of interest. "Natural diets" are thus most commonly 
employed for captive populations. 


Invertebrate (especially arthropod) diets eucompass plants, blood, 
carrion, wood, seeds, nectar, pollen, and other invertebrates. 
Feeding strategies can be divided into five major categories, with 
eramples and nutrient considerations from each to be highlighted: 
1) solid caruivory (mantids, dragonflies, scorpions, and burying 
beetles), 2) liquid carnivory (spiders and assassin bugs), 3) omni- 
vory (cockroaches), 4) solid herbivory (stick insects, caterpillars, 
grasshoppers, and Partula snails), and 5) liquid herbivory (aphids 
and butterflies). 


Keywords 


arthropods, butterflies, insects, spiders, scorpions 
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ile Introduction 


Invertebrates comprise the majority of life on this planet with some estimates 
indicating that 95 % to 99 % of all animal species are invertebrates with over 
15 % being insects with well over 1,000,000 named species. The diversity of in- 
vertebrates is staggering and their importance to the planet in sustaining life 
through pollination, decomposition and nutrient recycling, integrity of food 
webs, maintenance of ecological communities, etc. is vital. 

Today insects and other invertebrates are becoming more popular and 
important around the world in zoos, botanical gardens, museums, stand-alone 
facilities, the press, and for conservation. Unfortunately, there are very few 
general references on invertebrate husbandry and culture techniques [e.g.. 
Broek 1992; Frve 1992]. This paper will examine the role of nutrition in the 
exhibition, maintenance, and conservation of terrestrial invertebrates com- 
monly displayed in captivity. 


2: Invertebrate feeding and nutrition 


Proper nutrition is key to the successful maintenance and breeding of inverte- 
brates [Slansky 1982]. However, the diversity of invertebrate feeding strate- 
gies, especially arthropods, is as diverse as they are and include plants, blood, 
carrion, wood, seeds, nectar, pollen, sap, other invertebrates, ete. [Barnes 
1980; Gullan and Cranston 1994]. In addition, many invertebrates may possess 
different feeding strategies at different times of their life evele (Barnes 1980: 
Gullan and Cranston 1994]. The diversity of food items. feeding stvles. and 
strategies make invertebrates a unique and exciting challenge for developing 
diets and establishing nutritional parameters. 

Most terrestrial invertebrates exhibited in zoos and insectariums belong to 
the phylum Arthropoda which includes spiders, scorpions. millipedes. centi- 
pedes, crustaceans, and insects and the gastropod mollusks, i.e. snails and 
slugs. Since arthropods greatly outnumber other invertebrate groups in cap- 
tivity most of this paper will address them. 


3: Diet Determination 


The determination of feeding requirements and methods for invertebrates is 
for the most part based on knowledge of the animal's natural history, mouth- 
parts, and gut structure. In general, invertebrate, especially arthropod. feeding 
strategies can be divided into five major groups: solid carnivory. e.g., mantids, 
dragonflies, centipedes, scorpions, and burying beetles: liquid carnivory, e.g., 
spiders and assassin bugs: omnivory, e.g., cockroaches, solid herbivory. e.g., 
stick insects, caterpillars, and grasshoppers: and liquid herbivory, e.g.. aphids 
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and butterflies (Dow 1986) (Figure 1). Many invertebrates fall within these di- 
etary types though there are species that overlap. For example. bees feed on 
both pollen and nectar and therefore exhibit both liquid and solid herbivory. 


Parasites & 
pseudo- 
carnivores. e.g. 
flesh flies 


True 
carnivores, 
e.g. mantids, 

odonates 


Predigested prey. 
e.g. assassin bugs, 


spiders 


Animal 


Scavengers 
or detritivores. 
e.g. blackfly & 
caddisfly 
larvae 


Nectar & 
blood 
feeders, e.g. 


True 
generalisis. 
e.g. cockroaches 


adult female 


mosquitoes 


Plant 


Phytophages, 
e.g. caterpillars, 
stick insects 


Fig.1. The main categories of feeding specializations by terrestrial invertebrates 
(after Dow 1986). 


Knowledge of the invertebrate’s natural history greatly facilitates the develop- 
ment of any possible diet. Unfortunately, for many species of invertebrates 
there is a scarcity of information of their natural history let alone their dietary 
preferences. Additionally, much of what is known about the diets of katydids 
and other orthopterans, i.e., grasshoppers, crickets, and allies, is based on 
what they readily aecept in eaptivity and not what they have been observed eat- 
ing in the wild (Preston-Mafham 1996). 

When information on the natural history of a species is not available an 
examination of the mouthparts may be illuminating. Invertebrates and in par- 
ticular inseets have evolved a variety of adaptations to their mouthparts to deal 
with the myriad of food resources (Gullan and Cranston 1994, Wootton 1984). 
From the basic mouthparts of labium, labrum, maxillae, and mandibles insects 
have developed mouth structures that suck, seize and render, and pierce. How- 
ever, an examination of mouthpart structure best indieates whether the animal 
is a consumer of liquids or solids and not necessarily whether animal or plant 
material. 


E.M. Spevak, E.S. Dierenfeld 


The range of mouthpart types correlates with the diets of insects but gut 
strueture and funetion reflect the mechanical properties and nutrient composi- 
tion of the foods eaten (Gullan and Cranston 1994). The insect gut can be 
divided into three parts; the foregut, midgut, and hindgut (Dow 1986, Gullan 
and Cranston 1994) with most digestion occurring in the midgut and liquid 
absorption in the hindgut (Dow 1986, Gullan and Cranston 1994). Insects that 
typically feed on solid food have a wide, straight, short gut with strong muscu- 
lature and obvious protection from abrasion. In phytophagous species, i.e., 
solid herbivory, like butterfly larvae, where food is usually reliable and contin- 
uous the gut is designed for rapid throughput with little or no storage eapacity 
(Dow 1986, Gullan and Cranston 1994). In contrast the gut of an insect that has 
evolved for solid carnivory normally has areas for storage. This is because food 
may only be available intermittently. Insects feeding on liquids, e.g., blood, sap. 
or nectar, usually have long, narrow, convoluted guts to allow maximum contact 
with and absorption of liquid food. Because of the liquid nature of the diet pro- 
teetion from abrasion is unnecessary (Dow 1986, Gullan and Cranston 1994). 
Omnivorous species like cockroaches have gut structures intermediate in 
length between solid and liquid feeders and often possess storage areas (Dow 
1986). A consideration of natural history and observation and structure of the 
mouthparts and gut are the basic components to developing a useful diet. 


4. Diets in zoos: Natural versus artificial 


singh (1977) defines three tvpes of diets used for feeding invertebrates. The 
first is used for studies of nutrition and metabolie pathways and ean be repre- 
sented by chemical formulae. The second type of diet contains one or more un- 
refined plant or animal substances such as liver extract, wheat germ, veast, 
ete. The third tvpe of diet is composed of mostly crude materials designed to 
imitate natural diets. All of these diets would be considered artificial. A fourth 
type of diet that could be added would be the natural diet. This diet is composed 
of the actual food items consumed in nature or is made up of related substitute 
items whether plant or animal. 

Natural diets are commonly employed for captive populations. However, 
artificial diets have been used for decades for mass rearing of insects required 
in the study of physiology, ecology, genetics, and developing insect control teeh- 
niques (Singh 1977, Miller 1995). The development of artificial diets for exhibit 
species or those species in conservation programs has often rarely been inves- 
tigated. In addition, there are various pros and cons to the use of artificial ver- 
sus natural diets. 

The use of artificial diets can possibly be very useful in standardizing feed- 
ing methods, maintaining individual growth and reproduction rates. and for 
storing and maintaining food stuffs. In addition, artificial diets can help to alle- 
viate loss due to various diseases and infections. Insects may become infected 
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by ingesting pathogens and parasites with their food, e.g., foliage contami- 
nated by feces or regurgitated matter from sick insects or apparently healthy 
adults (Rivers 1991). However, the difficulty of developing artificial diets for vis- 
ual predators such as dragonflies and mantids that require movement to stim- 
ulate feeding is fairly obvious. Yet even with phytophagous species, e.g., lepi- 
dopteran larvae, the presence of various phytochemicals or allelochemicals in 
order to stimulate feeding is essential; they need to be identified and added to 
the diet (Gullan and Cranston 1994, Morton 1991). Finally little researeh has 
been performed on the use of artificial diets for animals destined for reintro- 
duction programs that might effect future survivorship and reproduction, 
search images for food items and oviposition sites, etc. 

Natural diets are most commonly used for invertebrate predators. How- 
ever, the major difficulty with maintaining predators is that the prey species 
also has to be maintained healthy and in large enough quantities for use (Frye 
1992). In addition, for many taxa both a diversity of species and prev sizes are 
required for proper maintenance (Mazer 1995, 1997) with a concomitant use of 
manpower and space. Sometimes the prev species may require as much work 
as the predators. For example, species like the large blue butterfly Vaculinea 
arion require the maintenance of the commensal host ant in order to survive 
(Clarke 1977). 

One group of invertebrates where both artificial and natural dicts are com- 
monly used side by side is butterflies. Most butterflies require nectar as a food 
source. Artificial diets are commonly used as a supplement for feeding adult 
butterflies but these have mostly taken the form of sugar or honey water solu- 
tions (Morton 1991). There are also some commercially available artificial nec- 
tars that use various formulae of simple sugars, salts, and amino acids. How- 
ever, the efficacy of any of these artificial diets compared with natural sources 
for butterfly longevity and reproduction has vet to be determined. Research on 
the composition and availability of natural nectar sources is being undertaken 
(Bentley and Thomas 1983). This information, combined with data on flower 
visitation by various butterfly species, could be instrumental in the develop- 
ment of future artifieial neetars as a primary or a supplemental food source. 


5: Nutritional requirements of invertebrates 


There is a relatively extensive literature base on inseet nutrition (see Singh 
1977 for references) however, the majoritv of the taxa studied have been of ag- 
rieultural and economie importance and not necessarilv those that are eom- 
monly exhibited in zoos and inseetariums. Some work has also been done on 
the nutrient composition of various invertebrates used as food (see Pennino et 
al. 1991, Barker et al. 1998). However, work still needs to be done on the nutri- 
tional requirements, such as calcium and protein levels, vitamin supplements, 
etc. of most invertebrates exhibited. 
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Besides the nutrient. requirements necessary for invertebrate health, a 
variety of invertebrates maintain a symbiotie relationship with external and/or 
internal microorganisms. It is suggested that microorganisms are required by 
insects feeding on sub-optimal diets to supply or function in sterol, vitamin, 
carbohydrate or amino acid synthesis or metabolism (Gullan and Cranston 
1994). Predatory inseets never appear to contain symbionts (Gullan and Cran- 
ston 1994). However, recent work by Wolff et al. (1995) found a number of bac- 
terial species in the intestinal tracts of two species of tarantulas (Zsendother- 
aphosa apophysis and Brachypelma smithi). The loss of eritical gut flora in 
eaptivity may lead to poor health and even unexplained deaths, but much fur- 
ther research is necessary to understand these mieroeceosvstens. 


6. Environmental and husbandry factors in invertebrate nutrition 


Environmental and husbandry factors associated with diets are often not eon- 
sidered when maintaining invertebrates. There is evidence that some overly 
fed carnivorous invertebrates, e.g., scorpions, live a shorter life than one less 
well provided for (Frye 1992). The shortened life span may be attributable to 
obesity and has been suggested to play a part in the longevity and reproduction 
of other taxa, e.g., mantids (C. Mazer pers. comm.). Reichling (1997) found phe- 
notypie variance in body size of a species of tarantula Pterinochilus murinus 
depending on the amounts of food offered, and therefore eaten, and the ambient 
temperature at whieh individuals were maintained. Warmer ambient tempera- 
tures and greater food availability caused increased growth rates. This could 
effect time to maturity and reproductive rates. 

The population structure of the invertebrate within an exhibit ean also 
effeet its survivorship, growth rates, and reproduction and thereby influence 
feeding rates. For example, when maintaining larger numbers of relatively sol- 
itary species or social species the rates and amounts of food presentation ean 
effeet the incidence of cannibalism (Mazer 1995). Observations of the red Cam- 
eroon baboon spider Hysterocrates gigas found that females allowed spider- 
lings to feed from mastieated food items in their jaws (Hart 1995). Spiderlings 
feeding from food provided by the mother compared with spiderlings housed 
and fed separately appeared to grow at a faster rate (Hart 1995). Diet ean only 
be a part of the consideration when trying to maintain healthy invertebrates. 


"E Dietary Examples 
Although most artificial diets have been chemically analyzed and developed 
through laboratory experimentation, few studies exist which document the 


nutrient composition of natural diets, and requirements, per se, have not been 
determined for most exhibited species. While successful specilie feeding proto- 


26 


Dietary Husbandry of Commonly Erhibited Terrestrial Invertebrates 


cols have been published. these rarelv include detail on amounts or composi- 
tion of diets. and for the most part must be considered anecdotal in nature. 

Solid Carnivory — A number of studies detailing the composition of inver- 
tebrates as food for insectivores (Barker et al. 1995) have focussed on the need 
to supply additional caleium (Allen et al. 1993) or other nutrients (Pennino et 
al. 1991), but the specific benefits (or even need for) have not been examined 
for invertebrate carnivores such as dragonflies and mantids. Feeding experi- 
ments with mantids have shown thev consume prev averaging 70 "o of their 
body mass (Reitze and Netwig 1991). Size of prev. amount. and prev species 
(hence, nutrient composition) have been shown to result in differences in man- 
tid growth. survival. and fecundity (Eisenberg et al. 1981. Mazer 1997). Unfor- 
tunately, in none of these studies were possible differences in dietary nutrient 
composition quantified. 

Liquid Carnivory - Spiders are typically fed crickets and/or flies (depend- 
ing upon body size and species). Adult tarantulas. for example. are often fed 
neonatal mice and/or day-old chicks. True spiders feed by injecting a venom 
that contains digestive enzymes. then using pumping stomachs to extract body 
fluids and digested tissues from prev. Tarantulas also utilize mastication as 
they manipulate the food. Despite the suggestion that spiders are a potential 
source of dietary calcium for insectivorous birds (Houston. pers. comm.). the 
need to supplement Ca to the diets of spiders (particularly theraphosids) and 
its relationship to optimal health. growth. and reproduction has not been exam- 
ined. 

Omnivorv - Unfortunately. for many species of invertebrates there is a 
scarcity of information of their natural history let alone their dietarv prefer- 
ences. For example. little is known about the diets of the numerous species of 
"wild" cockroaches (Blattodea) due to their secretive and nocturnal behavior 
(Preston-Mafham 1996). Additionally. much of what is known about the diets of 
katydids and other orthopterans. i.e.. grasshoppers, crickets. and allies. is 
based on what they readily accept in captivity and not what thev have been 
observed eating in the wild (Preston-Mafham 1996). These tvpes of captive 
observations can give misleading results. To illustrate. many species of katy- 
dids in captivity readily accept animal matter but in the wild this probably is 
opportunistic and makes up onlv a small percentage of their diet. predacious 
katvdids excluded (Preston-Mafham 1996). While many invertebrates consid- 
ered omnivorous do indeed appear to thrive on diets containing both animal 
and plant-based materials (Gwynne 1993). suitable diets for rearing crickets as 
food items have also been developed based solely on plant ingredients and are 
readily available within the zoo community from commercial suppliers. Thus 
the purpose of the collection (i.e. short-term maintenance compared with 
longer-term exhibition and reproduction goals) niay dictate the most suitable 
diet for omnivorous invertebrates. 

Solid Herbivory - Many of the more commonly exhibited gastropods. such 
as snails (both terrestrial and aquatic) are generalist herbivores. feeding on a 
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variety of algal and vegetable matter (Mason 1977, Malek 1977). Little is known 
about aetual nutritional requirements, except that both temperate and tropical 
species appear to require large amounts of calcium for growth and reproduc- 
tion. Experimental work with Achatina fulica demonstrated that this species 
grew heavier on a diet comprising lettuce, carrot, cucumber, and rabbit pellets 
containing 7.45 % Ca, along with free-choice calcium carbonate, than snails fed 
rabbit pellets with varying levels of calcium carbonate added (up to 30 % of die- 
tary dry matter). At the highest dietarv calcium concentrations (calculated 
approximately 20% total Ca), shell thinning occurred (Ireland 1991). It 
appears, as in other species, there is a critical nutrient range that must be met 
for optimal health performance. A diet comprising ground cuttlebone or chalk 
(lower survival rates if Ca supplied from chalk) rolled oats, dried grass or net- 
tle, commercial fish food, additional calcium, and added vitamins A, D. and E 
has been used successfully for captive rearing of Partula sp. (Tonge and 
Bloxam 1991). 

Stick inseets (Phasmida) and caterpillars (Lepidoptera) are often host-spe- 
cifie due to allelochemical relationships (see above). While we can find no full 
accounts of nutrient requirements of these groups, a variety of synthetic diets 
have been developed for successfully rearing (predominantly) moth caterpil- 
lars, as opposed to butterflies (Singh 1977). Vitamin C has been shown to be 
required by some phytophagous invertebrates (Vanderzant and Richardson 
1963). It would make ecological sense that species that consume diets contain- 
ing high levels of ascorbic acid (vitamin C, i.e. green plants) would not develop 
the ability to synthesize this nutrient enzymatically. 

Liquid Herbivory - As with any vertebrate, knowledge of the inverte- 
brate’s natural history greatly facilitates the development of any possible diet. 
For example, muttilid wasps (Hymenoptera: Muttilidae), often called veivet 
ants, are reported to feed on flower nectar, honey, pollen, honeydew. and other 
plant exudates in nature (Barnett 1998). With this information. the National 
Aquarium in Baltimore developed a successful diet with a diversified base of 
carbohydrates, i.e., sucrose, fructose, and glucose, along with amino acids, 
fats, vitamins, and minerals that superficially appears comparable to their 
reported wild diet (Barnett 1998). However, no comparative analysis of the 
actual proportions of sugars, amino acids, fats, ete. between the wild and cap- 
tive diet have been performed. 

When artificial diets are used with butterflies (as either the full diet or as 
supplements to plants), a standard 8 to 10% solution of table sugar (i.e. 
sucrose) or honey in water is used (Morton 1991). Diets with added amino acids 
or pollen and salts to the sugar solution have been shown to be effective for 
increasing longevity (Elia 1989, Sbordoni and Forestiero 1998) although con- 
trolled studies are limited, and quantitative data have not been published. 
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8. Conclusion 


Invertebrate (especially arthropod) diets pose a number of questions and prob- 
lems for zoo and aquarium nutritionists and curators. First, the diversity of 
food items, e.g., plants, blood, carrion, wood, seeds, nectar, pollen, other inver- 
tebrates, etc., is greater than any or all vertebrate groups. Second the variation 
in methods of feeding and food manipulation exceeds those found in the verte- 
brates. However, with the increasing popularity of invertebrates in zoos, aquar- 
iums, and stand-alone facilities and with the development of more conservation 
programs directed towards invertebrates (Hughes and Bennet 1991, Spevak 
1998) there is a greater need for understanding and developing proper dietary 
husbandry for these groups. 

The feeding strategies of terrestrial invertebrates can generally be divided 
into five major categories based on knowledge of the animal's natural history, 
mouth parts, and gut structure: 1) solid carnivory, 2) liquid carnivory, 
3) omnivory, 4) solid herbivory and 5) liquid herbivory. However, it must be 
remembered that many species do not fall neatly into only one category. It has 
already been illustrated that invertebrates at different life stages may exhibit 
different feeding strategies but often species in a single life history stage may 
exhibit more than one feeding strategy. For example, females of many mosquito 
species (Culicidae) exhibit both liquid herbivory and liquid earnivorv feeding 
on nectar for their basic nutrient requirements but consuming a blood meal for 
egg development. Examples like this add to the problems of developing proper 
dietary husbandry for terrestrial invertebrates but also add to the excitement 
of research and discovery in this wide-open field. Further research on the feed- 
ing requirements and strategies of invertebrates in the wild would greatly ben- 
efit not only (he development of artificial diets but also the development of "nat- 
ural diets" better suited to the species in question. Finally, the development of 
additional artificial diets and studies of interactions of feeding regimes 
(amounts and frequencies) with environmental faetors necessary for proper 
growth can only help in the maintenance and husbandry of these fascinating 
animals. 
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Nutrition of Chelonians 


Abstract 


A review is presented of the most important aspects of nutrition of 
tortoises and terrapins, including a short survey of the ingestion of 
non-energetic substances such as stones or sand. This is followed by 
a preseutation of elements in nutrition such as undernutrition and 
overfeeding concerning proteins, fatty substances and carbohy- 
drates. Deficiencies in the vitamins A, D, B, as well as overdosing 
in Vitamin A and D, are discussed. Special attention is given to as- 
pects of calcium deficiency. Therapies are included. 


Keywords 
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1: Introduction 


The correct feeding of tortoises and terrapins is a prerequisite for their health 
and well being. An increasing percentage of tortoises and terrapins are captive 
bred. Distinct advances have been made in captive breeding, which in part are 
related to improvements in food and feeding. 

Many factors and adaptations to specific situations occur among tortoises 
and terrapins. In some species a variation in the uptake of food is known to be 
related to the season (Rummler & Covian 1982). Body size is of importance in 
digestion. Larger herbivorous species have an efficient digestion. However, 
small bite size of small herbivorous reptiles is a mechanism that enables them 
to meet higher mass-specifie nutrient requirements by improving both the 
physical structure and, through selective feeding. the nutrient quality of the 
diet (Bjorndal & Bolten 1992). In the desert tortoise (Arrobates agassizii) it 
was found that digesta flow was determined primarily by a gut-fill effect. In this 
species, gravid females have a reduced gut-fill, presumably because eggs in the 
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oviduct reduce the potential gut volume (Meienberger et al. 1993). Digestive 
performance largely depends on the microbial fermentation of the food item. A 
herbivore has a greater digestive efficiency on a diet that is extensively 
fermented, but, on a diet that underwent limited microbial degradation, the 
herbivore had no nutritional advantage over the omnivore (Bjorndal & Bolten 
1993). Amongst young green turtles (Chelonia mydas), there were quite wide 
individual variations in the rates of assimilation to energy, lipid and dry mass, 
but protein was assimilated with a uniformly high efficiency. Turtles are able to 
compensate for a low efficiency of assimilation concerning certain food items 
by inereasing the rate of food intake (Davenport & Scott 1993). Parasites influ- 
ence the optimal utilization of nutrients by the host. 

During hibernation metabolic adaptations take place, e.g. protein eatabo- 
lism plays a greater role in providing energy. In summer, elevated glucose and 
eholesterol levels, together with lower sodium. urea nitrogen and urine specific 
gravity, refleet the availability of food and water. Plasma beta-hydroxybutyrate 
may increase in response to short term energy needs (Christopher et al. 1994). 
A curious adaptation to obtain food has been described in wood turtles (Clen- 
mys insculpta), which stomp for earthworms (Kaufmann 1986). 


2 Nutrient requirements in tortoises and terrapins 


2.1 Proteins 


Recommendations concerning the protein content of the food differ between 
5% in the Californian desert tortoise (Gopherus agassizii) (Rosskopf et al. 
1982) and 13 % in snapping turtles (Chelydra spp. and Macroclenmmnys spp.) 
(Wallach & Hoff 1982). Dietary protein is an important nutritional component 
to the growth of juvenile slider turtles. Experimentally growth equalizing this 
in nature in Trachemys s. elegans was obtained with diets containing 25 to 
40 % crude protein (Avery et al. 1993). Extensive favourable experiences have 
been made, in red-eared terrapins (Tr. s. elegans) with commercial eat foods 
containing 24 to 27 9o protein (Zwart1992b). 

In the green turtle (Chelonia mydas) requirements in amino acids have 
been determined (Wood & Wood 1977). 

Deficiency in proteins may occur in both tortoises and terrapins. In nature 
such a defieienev has been observed after periods of severe dryness or a pro- 
longed winter. In captivity an inadequate diet, for instance if this consists 
exclusively of the outer leaves of salad and of fruits, may lead to deficieney in 
proteins (Lawrence & Jackson 1983). Periods of protein deficiency may lead to 
disturbance in growth of scutes of the carapace and the horny covering of the 
beak as well as to failure in reproduetion (Lawrence & Jackson 1983). 

Overfeeding with proteins, especially when this is performed suddenly, e.g. 
when a change in the diet is preseribed. may lead to disturbanee of the intesti- 
nal flora, with production of abnormal products, diarrhoea and larger amounts 
of gas (Zwart 1992b). Prolonged feeding of large amounts of proteins is inad- 
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vertently practised when terrapins such as the red-eared terrapin (77: s. ele- 
gans) are fed mainly with lean beef. In these cases the amount of proteins given 
in excess of the daily metabolic requirements is stored in the form of fat. This 
finally may lead to a situation in which the fat masses bulge out of the earapace. 
These animals should be treated by rationing the food and at the same time by 
correction of the diet. In most cases it is effective to change the diet to a com- 
mercial eat food (semi-moist formula or dry biscuits). It may take 2 to 3 weeks 
before the new type of food is readily eaten. In some cases a distinct restriction 
in the amount of food is necessary to slim down the specimen. Overfeeding of 
young tortoises, especially the Hermann's tortoise (Testudo hermanni) leads 
to an abnormal thickening of the carapace and the plastron (Zwart et al. 1997). 


2.2 Fats and Fatty acids 


Some disturbance in the fat metabolism is known. Yellow fat disease has been 
described in red-eared terrapins (77. s. elegans) (Mettler & Hauser 1979). In 
addition a few cases of focal degeneration of fat tissues have been met in red 
eared terrapins (77. s. elegans) (Zwart 1992b). In histology these foci show de- 
generated fat cells containing altered fat, and are surrounded by some macro- 
phages, multinucleate giant cells and collagen fibres, and reveal a distinct 
resemblance with alterations in rats and mink, due to the feeding of polvunsat- 
urated fats (Danse 1978 ). 


2.3 Carbohydrates 


Data on nutrient requirements of chelonia concerning carbohydrates are not 
available. Carbohydrates are stored in the liver of chelonia in the form of 
glycogen. The normal chelonian liver is rich in glycogen. This may lead to a 
distinctly pale colour of the liver. Even in springtime, at the end of hibernation, 
livers from animals which die due to other causes, i.e. an accident, are still rich 
in glycogen (Zwart 1992b). 

If, however, an animal arising from hibernation, remains anorectic, this 
results in a low blood-glucose level, an increase in blood urea content, and 
dehydration. Such animals have a low content in liver glycogen (Lawrence & 
Jackson 1983). 


2.4 Ingestion of nonenergetic materials 


The uptake of materials which are not distinctly of nutritional value is well 
known in tortoises and terrapins. There are several aspects which can be rec- 
ognized. 


2.5 Roughage 


The ingestion of roughage positively influences the motility of the intestinal 
tract and thus the well being of the animal (Sachsse 1971). Several species of 
tortoises are fond of hay (Scheffer 1999). 
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The digestion of cellulose has been studied in the herbivorous green turtle 
(Chelonia mydas). In the caecum of these animals free volatile fatty-acids like 
acetate, butyrate and propionate are produced. They account for * 15 % of the 
daily energy requirement. Bacterial cellulolytic symbionts, such as Bactler- 
oides sp. have been identified in low numbers (Wolvekamp 1928). 


2.6 Litophagy 


Litophagy is the uptake of stones by tortoises and terrapins. It has been de- 
seribed in several species of tortoises and terrapins (Gans & Gans 1978, Sokol 
1971). On oceasion, persistent uptake of larger masses of stones leads to intes- 
tinal obstruetion. 


2.7 Geophagy 


Geophagv (the uptake of sand) to some degree is physiological in tortoises and 
contributes to a firmer substance of the faeces. However, geophagy at an excep- 
tionally high level may lead to intestinal impaction and atony. eventually caus- 
ing death of an individuum (Sokol 1971). 


2.8 Shift in preferred foods 


The preferences for some food items may change as time passes by, this is es- 
pecially known in the red-eared terrapin which is carnivorous in its vouth and 
later shifts to vegetarism (Clark & Whitfield 1969; Mahmoud & Lavenda 1969). 
Imprinting on food is known in immature diamondback terrapins (Valaclemys 
centrata) (Allen & Littleford 1955) and has also been observed in the snapping 
turtle Chelydra serpentina (Burghart & Hess1966). Young Krefft's sharp- 
snouted turtle (Amydura kreffti) eat soft plants and small insects. while older, 
stronger specimen are able to eat tough plants as well as larger crustaceans 
(Georges 1982). The red-bellied turtle (Chrysemys rubriventris) once it 
reaches a size of 90-118 mm is able to catch and eat river lobsters (Graham 
1971). A quite different observation was that specimens of the western painted 
turtle (Chrysemys picta belli) were carnivorous in the northern part of their 
habitat and herbivorous in the more southern areas (Me Culloch & Secov 1983). 

Competition for food is a mechanism influencing the uptake of food (Froese 
& Burghardt 1974, Bjorndal 1986). 


2.9 Feeding and temperature 


Temperature is an important factor in the appetite in tortoises and terrapins. 
In yellow-bellied turtles (7r. s. scripta) a raise in temperature of 4 to 6 °C, re- 
sulted in a marked increase in growth (Parmentier 1980). 

The preferred body temperature may be influenced by the uptake of a meal. 
In the yellow-bellied turtle (Tr. s. scripta) the body temperature was before a 
meal 24.6 °C and it raised to 29.1 °C immediately after eating (Gatten 1974). 
Heliotherm animals, for instance Hermann's tortoises (Z hermanni), roaming 
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free on the floor in a room may have body temperatures of less than 18 °C. Many 
of them do not eat under these cireumstances (Zwart1992b). 


3t Deficiencies 


3.1 Vitamin deficiency 


Deficieneies in vitamins are rather frequent in chelonia, especially in carnivo- 
rous species kept in captivity (Mader 1996). This is due to the faet that almost 
no commercial complete foods are available. Thus the owner has to provide the 
food on the basis of restricted knowledge and on seattered written or oral in- 
formation. The normal physiology of chelonia may contribute to the develop- 
ment of deficiencies. The hibernation period may result in a depletion in B 
vitamins. On the other hand, the captive state facilitates the development of de- 
ficiencies. Some individuals may refuse to eat a specific brand of a vitamin-min- 
eral preparation because it is unpalatable. The latter is especially seen in 
brands produced on a basis of flower. Preparations made on basis of (UV irra- 
diated) yeast, in general, are better accepted (Claessen 1983). 


3.2 Hypovitaminosis A in tortoises 


Hypovitaminosis A is likely to occur in those cases where the food is deficient 
in carotene and vitamin A. The daily requirement in vitamin A of chelonia is es- 
timated to be 400 IU/kg body weight (Claessen 1983). 


3.3 Hypovitaminosis A in terrapins 


Hypovitaminosis A is most prevalent in omnivorous and carnivorous terrapins, 
especially in the genera Trachemys, Malaclemys, Clemmys and Emys (Mader 
1996). In the Czech Republic, up to 88 % of terrapins under three vears of age 
had some form of vitamin A deficiency (Voprsalek & Simunek 1994,1996). Ex- 
tremely vulnerable are commercially produced young red-eared terrapins be- 
cause these are collected immediately after birth and generally are not fed until 
they reach their destiny at the house of the owner. Such animals depend com- 
pletely on the small reserves present at birth (Cook 1992). If these animals are 
then fed on meat the metabolisation of the small reserves in vitamin A will, 
within a period of 10 to 20 weeks, lead to clinical signs of defieieney (Zwart 
1992b). If older animals, such as specimen caught in the wild, or discarded an- 
imals are transferred to a deficient diet, clinical signs of deficiency may develop 
after a period of several months to one vear, depending on the reserves in vita- 
min A (Elkan & Zwart 1967). Gastrointestinal disturbances such as anorexia, 
diarrhoea or even excessive salivation may contribute to hvpovitaminosis A 
(Wallaeh 1970). 

Clinical signs of hvpovitaminosis A are: bulging and swelling of the evelids. 
This is due to metaplasia of the epithelia of the conjunctivae leading to an accu- 
mulation of cornified epithelial cells in the conjunctival sac. In the evelids, some 
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oedema and invasion of heterophilie polymorphonuclear cells occurs. In the 
eonjunctival sae, inflammatory cells and lacrimal fluid mix with the desqua- 
mated epithelial cells to produce a friable whitish mass, which can be seen 
shining through the oedematous eyelids. In addition there is metaplasia of epi- 
thelia of the lacrimal and Harderian glands. Due to accumulation of desqua- 
mated cells, these glands and their ducts enlarge (Elkan & Zwart 1967). In 
early stages of the disease, patients still have appetite and although blind, they 
collect food from its smell. With progression of the disease, anorexia occurs. In 
that stage other epithelia such as these of pancreatic ducts, ureters and renal 
colleeting ducts are found to be metaplastic. 

Therapy in terrapins with clinically overt disease is by intramuscular injec- 
tion of 50.000 to 100.000 IU of Vitamin A /kg body weight. In the veterinary prac- 
tice this can be performed by dosing 0.01 ml of a vitamin A preparation contain- 
ing 100.000 IU/ml to small terrapins. If necessary the same dose ean be 
repeated once, after 3 to 5 weeks. 

In early cases, in animals which still eat, within 14 to 17 days. a reversion 
of the metaplasia and healing occurs. The first sign of healing is a diminution 
of the swellings. Then the eyelids open and the whitish masses protrude to be 
washed away. Within the next 3 to 4 days the remaining swelling and hyperae- 
mia disappear. Normal appearance and vision are restored (Elkan & Zwart 
1967). 

In prolonged, severe cases, where animals stopped eating, a blocking of 
pancreatic ducts and ureters by desquamated metaplastic epithelia have been 
noticed on histology. Such animals most likely do not recover due to severe sys- 
temic consequences of the obstruction. In these cases the prognosis is poor. 
Nevertheless it is advisable to dose the patients with vitamin A, as mentioned 
above and wait for one of the rare favourable reactions (Zwart 1985). Because 
Vitamin A is stored in the liver, there is no need to repeat the injections more 
than twice at intervals of 3 to 5 weeks. Supportive therapy such as force-feed- 
ing and parenteral application of fluids, electrolytes and sugars are indicated. 

Prevention of hypovitaminosis A is by feeding the animals with about 50 % 
of a commercial food for cats containing about 4500 to 5000 IU of vitamin A/kg 
or feeding whole prey. 

In cases where meat is fed, this should be rubbed intensively with a com- 
mercial multi vitamin mineral preparation containing + 100.000 IU vitamin 
A/kg. Although the dosing to the individual is very uncertain, in practice this 
technique is effective. 

Reptiles presented with hypovitaminosis A, are likely to be deficient in 
other vitamins and minerals as well. Patients should be provided immediately 
with a balanced diet (Mader 1996). 


3.4 Hypervitaminosis A 


Hypervitaminosis A has been diagnosed in tortoises (Mettler et al. 1982). Ex- 
perimental proof was given by Palmer et al. (1984). Animals suffering from hy- 
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pervitaminosis A have a historv of (inadvertent) excessive dosing ofvitamin A. 
Clinical symptoms are noted especially on the soft skin. Patches of hvperkera- 
tosis may be noted next to areas where cornified masses are lost, exposing the 
extremely thin and slightly moist skin. In acute cases of severe overdosing 
blebs develop in the skin, especially proximallv on the legs and on the neck. Oc- 
casionally the skin may rupture, exposing the muscles. Histologie examination 
of the altered skin reveals acanthosis, intercellular oedema, loss of intercellu- 
lar desmosomes, and subcorneal acantholvsis. The latter leads to desquama- 
tion of the stratum corneum. 

These ehanges were experimentallv induced in the Hermann's tortoise 
(T. hermanni) by a single parenteral dose of 100.000 to 400.000 IU/kg body 
weight of the water soluble formula of vitamin A. A single parenteral dosing of 
an oily formula of vitamin A at 400.000 IU per kg did not provoke clinieal 
changes (Palmer et al. 1984). 

Catastrophic results were noticed giving some drops of a formula of vita- 
min A (of which 2 to 3 drops daily were sufficient for young children) twice 
weekly on the salad and endive fed to Hermann's tortoises (Z hermanni) of 
some months old, weighing about 45 g. This procedure was continued over a 
period of 5 to 6 months and resulted in the death of approximately 85 % of the 
young animals before the presentation. The few remaining specimen recovered 
over a period of 9 months. These were fed vegetables low in carotene and addi- 
tives free of vitamin A (Zwart1992b). 

There is no effective treatment of hvpervitaminosis A. Mader (1996) advised 
a symptomatic treatment. In addition the author reasoned that commereial foods 
containing vitamin A are contraindicated. The food should eonsist of produets 
which are free of vitamin A and/or carotene, such as chicory, Swedish turnip, 
white cabbage, savoy, beans, marrowfat, grains like (unpolished) rice, wheat and 
oats (and products there of), meat (no liver), fruits like pine apple, grapefruit, red 
currant, raisin, melon, pear and others. According to my experiences, it may take 
weeks to months before the skin normalises. In severe cases an identical ration 
is prescribed, but then the prognosis is very poor. Wounds are treated topically 
(though not with ointments containing vitamin A). 


3.5 Hypovitaminosis B, 


There are onlv a few indications that hvpovitaminosis B, occurs in tortoises 
and terrapins. Anorexia and poor growth (Murphy 1973) as well as chronic loss 
of weight in spite of sufficient uptake of food (Wallach & Hoff 1982) have been 
incriminated. Both central and peripheral neuritis, leading to tremors of mus- 
cles and/or fascieulations have been related to B, hypovitaminosis. On occa- 
sion, the eye is retracted in the orbita (Frye 1984). 


3.6 Hypovitaminosis D3 


In tortoises and terrapins, vitamin D, is the active polymer, while vitamin D. is 
inactive. The metabolic pathway leading to the production of the active sub- 
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stance, 1,25-dihvdroxyeholeealciferol, most probably, is identical to this in 
mammals and birds (Dacke 1979). As appears from many personal observa- 
tions, the nutrient requirement in Vitamin D, is related to the Ca:P ratio in the 
food. 

In young tortoises and terrapins, histologic examination of spontaneous 
cases which were clinically recognized as rickets, revealed a reduced calcifica- 
tion of osteoid. Thus the diagnosis of hypovitaminosis D. was confirmed (Dàm- 
mrich 1967). 

Exact data on nutrient requirements in vitamin D, are still lacking. Extrap- 
olations from higher vertebrates and other reptiles vary between 10 and 100 IU 
per kg bodyweight per day. The higher estimation may be slightly too high 
(based on observations in young green iguanas (Iguana iguana) (Zwart & 
Watering 1969). Therapy is started with an initial single parenteral dose of 500 
to 1000 IU vitamin D, per kg body weight i.m. 

A change in the diet is essential. In the absence of exact data, feeding 50 "o 
of a commercial eat food was found to supply all nutrients for terrapins. It ena- 
bles normal growth and calcification of the skeleton (Zwart 1992b). 

In red-eared turtles (Tr. s. elegans) the most favourable results were 
reached with a product (Carmix, Hope farms, Woerden, the Netherlands) con- 
taining 11.65 % Ca, 0.4 % P and 20.000 IU vitamin D,, applied also by rubbing 
this intensely into pieces of meat (Zwart 1992b). 


3.7 Hypervitaminosis D}. 


Hypervitaminosis D, is rare in tortoises and terrapins. Only one case has been 
described in a red-footed tortoise (Geochelone carbonaria), in which a fatal 
metabolic mineralisation of soft tissues was deseribed due to the effects of a 
food of unspecified composition (Barten 1982). 


3.8 Mineral deficiencies 


Minerals have great implications on tortoises and terrapins. There are indica- 
tions that oversupplementation of calcium may be detrimental to growth per- 
formance in young turtles (Stancel et al. 1998). Mineral deficiencies are 
frequent in tortoises and terrapins. The majority of problems are related to an 
imbalance in the calcium : phosphorus ratio, with a relative excess of phospho- 
rus. 


3.9 Calcium deficiency 


Calcium is of major importance in many metabolic processes in the body such 
as contraction of muscles, clotting of blood, permeability of membranes, activ- 
ity of enzymes, the metabolism of bone and the production of eggs. Nutrient re- 
quirements in fullgrown animals are not known, but it is coneluded from a great 
number of observations and from extrapolations of other animals, (especially 
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chickens) that a calcium content of 1.0% in combination with a phosphorus 
content of 0.8 % (in dry matter) are adequate (Zwart & Watering 1969). 

In newborn red-eared turtles (77: s. elegans) 2.0 % calcium and 1.2 9o phos- 
phorus in the food were found adequate, using criteria such as growth, the con- 
sumption of food, quality and growth of the carapace and the plastron and his- 
tology of the femur (Kass et al. 1982). 

A deficiency in calcium, whether absolute or relative, leads to nutritional 
osteodystrophia fibrosa (Zwart 1992a). The clinical manifestations of osteo- 
dystrophia fibrosa are essentially a breakdown of the original bone and the 
production of a fibrocollagenous connective tissue. Decaleification of the 
extremities in tortoises leads to deformation of the legs. The radius, ulna and 
foot are forced backwards. In terrapins decalcification of the extremities leads 
to some degree of diminished swimming and difficulties with walking on land. 
Compensatory production of connective tissue around the decalcified bones 
such as humerus, femur and others may occur (Zwart 1992a). 

The prevention and therapy of osteodvstrophia fibrosa is bv providing a diet 
containing 1.4 to 2.0 % calcium in the dry matter at a Ca: P ratio of 1.2: 1 or even 
2 : 1. Vitamin D, should be provided to ensure optimal absorption of Ca^* from 
the intestinal tract. By giving selected greens and fruits to ehelonians, it is possi- 
ble to support the prevention of nutritional osteodystrophia fibrosa. Preferablv 
greens are given which have a Ca:P ratio higher than, or close to 1. 

On the first day of presentation the patient ean be dosed with Ca”* in the 
form of calcium borogluconate at a dose of 100 to 150 mg Ca? */kg bodyweight 
either s.c. or i.p. Recovery may take 6 to 8 weeks (Zwart 1977). 


References 


Allen, J.F, R.A. Littleford 1955: Observations on the feeding habits and growth 
of immature diamondback terrapins. Herpetologica 11: 77-80. 


Avery H.W., J.R. Spotila, J.D. Congdon, R.U. Fischer, E.A. Standora, S.B. 
Avery 1993: Roles of diet protein and temperature in the growth and nutri- 
tional energetics of juvenile slider turtles, Trachemys scripta. Physiology 
and Zoology 66 (6): 902-925. 

Barten, S.L., 1982: Fatal metastatic mineralization in a red-footed tortoise. 
Veterinary Medicine / Small Animal Clinician 4: 17-22. 

Bjorndal, K.A., 1986: Effect of solitary vs group feeding on intake in Pseude- 
mys nelsoni. Copeia 234-235. 

Bjorndal, K. A., A.B. Bolten 1992: Body size and digestive efficiency in a Her- 
bivorous freshwater turtle — Advantages of small bite size. Physiology 
and Zoology 65 (5): 1028-1039. 

Bjorndal, K.A., A.B. Bolten 1993: Digestive efficiencies in herbivorous and 
omnivorous freshwater turtles on plant diets — Do herbivores have a nutri- 
tional advantage. Physiology and Zoology 66 (3): 384—395. 


4] 


P. Zwart 


Burghart, G.M., E.H. Hess 1966: Foodimprinting in the snapping turtle Chely- 
dra serpentina. Science 151: 108-109. 

Claessen, H., 1983: Vitamines in de terrariumkunde. Terra 5: 91-95. 

Clark, D.B., J. Whitfield 1969: Dietary shift in the turtle Pseudemys scripte 
(Schoepf) from youth to maturity. Copeia 704-706. 

Christopher, M.M., R. Brigmon, E. Jacobson 1994: Seasonal alterations in 
plasma beta-hydroxybutyrate and related biochemical parameters in the 
desert tortoise (Gopherus agassizii). Comparative Biochemistry and 
Physiology [a] 108 (2-3): 303-310. 

Cook, J., 1992: An overview of Vitamin A. Tortoise Trust Newsletter (2): 1-4. 

Dacke, C.G., 1979: Calcium regulation in sub-mammalian vertebrates. 
London: Academic Press. 

Dàmmrieh, K., 1967: Pathomorphologisehe Befunde am Panzer der Schild- 
króten.  Verhandlungsbericht IX | Internationalen Symposiums 
Erkrankungen der Zootiere. Prag, 271-273. 

Danse, L.H.J.C., 1978: A pathogenetic study of yellow fat disease. Thesis. 
Utrecht, the Netherlands. 

Davenport, J., C.R. Scott 1993: Individuality of growth. appetite, metabolie 
rate and assimilation of nutrients in young green turtles (Chelonia mydas 
L). Herpetological Journal 3 (1): 26-31. 

Elkan, E., P Zwart 1967: The ocular disease of young terrapins caused by vita- 
min A deficiency. Pathologia veterinaria 4: 201-222. 

Froese, A. D., G.M. Burghardt 1974: Food competition in captive juvenile snap- 
ping turtles, Chelydra serpentina. Animal Behaviour 735-740. 

Frye, EL., 1984: Nutritional disorders in reptiles. In: Diseases of Amphibians 
and Reptiles (G.L. Hoff, EL. Frye, E.R. Jacobson, eds.). New York: Plenum 
Press. pp. 633-660. 

Gans, C., K. A. Gans 1978: Biology of the Reptilia. Vol. S. Physiology B. Lon- 
don: Academic Press. 

Gatten, R.E., 1974: Effect of nutritional status on the preferred body tempera- 
ture of the turtles Pseudemys seripta and Terrapene ornata. Copeia 912- 
917. 

Georges, A., 1982: Diet of the Australian freshwater turtle Emydura krefftt ij, 
(Chelonia: ehelvdridae), in an unproductive lentie environment. Copeia 
301-336. 

Graham, T.E., 1971: Growth rate of the red-bellied turtle Chrysemys rubriv- 
entris at Plymouth, Massachusetts. Copeia 353-356. 

Kass, R.E., D. E. Ullrey, A.L. Trapp 1982: A study of ealeium requirements of 
the red-eared slider turtle (Pseudemys scripta elegans). Journal of Zoo 
Animal Medicine 13: 62-65. 


42 


Nutrition of chelonians 


Kaufmann, J.H., 1986: Stomping for earthworms by wood turtles, Clemmys 
iusculpta — a new discovered foraging technique. Copeia 4 (dec): 1001. 


Lawrence, K., O. Jackson 1983: Inappetent tortoises. Veterinary Record 112: 
487-488. 


Mader, D.R., 1996: Reptile Medicine and Surgery. Philadelphia: Saunders. 


Mahmoud, I.Y., N. Lavenda 1969: Establishment and extinction of food prefer- 
ences in red-eared turtles. Copeia 298-300. 


McCulloch, R.D., D.M. Secoy 1983: Demography, growth and food of Western 
painted turtles, Chrysemys picta belli. Canadian Journal of Zoology 61, 
1499-1509. 


Meienberger, C., I. R. Wallis, K. A. Nagy 1993: Food intake rate and body mass 
influence transit time and digestibility in the desert tortoise (Yerobates 
agassizii). Physiological Zoology 66 (5): 847-862. 

Mettler, E, B. Hauser 1979: Spontane yellow fat disease (Steatitis) bei zwei 
Schmuckschildkröten. Verhandlungsbericht XXI. Internationalen Sym- 
posiums Erkrankungen der Zootiere. Mulhouse, 145-146. 

Mettler, EF, D. Palmer, A. Rübel, E. Isenbügel 1982: Gehäuft auftretende Fälle 
von Parakeratose mit Epithelablósung der Haut bei Landschildkröten. Ver- 
handlungsbericht XXIV. Internationalen Symposiums Erkrankungen 
der Zootiere. Veszprem, Hungary, 245-248. 

Murphy, J.B., 1973: A review of diseases and treatments of captive chelonians: 
dietary deficiencies. Hiss News Journal 1: 173-179. 

Palmer, D.G., A. Rübel, F Mettler, L. Volker 1984: Experimentell erzeugte Hau- 
tveranderungen bei Landschildkroten durch hohe parenterale Gaben von 
Vitamin A. Zentralblatt für Veterinärmedizin A 31: 625-633. 

Parmentier, R.R., 1980: Effect of food availability and water temperature on 
the feeding ecology of pond sliders Trachemys s. scripta. Copeia 503-514. 

Rosskopf, W.J., R.W. Woerpel, S. Yanoff 1982: Severe shell deformity caused by 
a deficient diet in a Californian desert tortoise. Veterinary Medicine / 
Small Animal Clinician 77: 593-594. 

Rummler, G., M.R. Covian 1982: Variations in the ingestive behaviour of the 
tortoise Geochelone carbonaria on a protein- or carbohydrate-rich diet 
with relation to seasonal influence and sectioning of olfactory nerves. Bra- 
zilian Journal of Medical and Biological Research 15 (2/3): 201. 

Sachsse, W., 1971: Was ist Ballast in der Nahrung von Schildkröten? Sala- 
mandra 143-148. 

Scheffer, H., 1999: personal communication. 

Sokol, O.M., 1971: Lithophagy and geophagy in reptiles. Journal of Herpetol- 
ogy 5: 69-71. 


43 


P. Zwart 


Stancel, C.E, E.S. Dierenfeld. PA. Schoknecht 1998: Calcium and phosphorus 
supplementation decreases growth, but does not induce pyramiding, in 
young red-eared sliders, Trachemys scripta elegans. Zoo Biology 17 (1): 
17-24. 

Voprsalek, T. J. Simunek 1994: Bedeutung des Vitamins A für Wasserschild- 
kröten. Tierärztliche Umschau 49: 502-509. 

Voprsalek, T.. J. Simunek 1996: Vitamin A deficiency in tortoises, Tierärztli- 
che Umschau 51 (11): 711. 

Wallach. J.D., 1970: Nutritional diseases of exotic animals. Journal of the 
American Veterinary Medical Association 157: 983—599. 

Wallach, J. D., G.L. Hoff 1982: Metabolic and nutritional diseases of reptiles. 
In: Vor Infectious Diseases of Wildlife (G.L. Hoff, J.W. Davis, eds.). Chapt. 
15. Ames Iowa: The Iowa State University Press. 

Wolvekamp. H.P, 1928: Kohlehydratverdauung im Darme der Schildkröte. 
Zeitschrift für Vergleichende Physiologie 7 (3): 454-461. 

Wood, J.R., EE. Wood 1977: Quantitative requirements of the hatehling green 


sea turtle for lysine, tryptophan and methionine. Journal of Nutrition 
107: 171-175. 


Zwart, P, C. v.d. Watering 1969: Disturbance of bone formation in the common 
iguana (/yuana iguana L.). Pathology and Biology. Acta Zoologica et 
Pathologica Antverpiensis, 333-356. 

Zwart, P. 1977: Haltungs- und Fütterungsfehler bei Reptilien. Terkandlungs- 
bericht XIN. Internationalen Symposiums Erkrankungen der Zootiere. 
7-13. 

Zwart, P., 1985: Sinnesorgane. In: R. Ippen, H.-D. Schröder. K. Elze: Handbuch 
der Zootierkrankheiten. Bd. 1 Reptilien. 

Zwart, P, 1992a: Pathomorphologv of calcium metabolism in chelonia. First 
International Congress of Chelonian Pathology 1: 37-41. 

Zwart. P, 1992b: Nutrition of tortoises and terrapins. First International 
Congress of Chelonian Pathology 1: 156-1683. 

Zwart, P, L. Lambrechts, P. de Batist, B. Bijnens, H. Claessen, S. Mennes, C. 
van Riel 1997: Excessive growth of Hermann's tortoise (Testudo her- 
manni) and consequences for carapace development — A case report. Ter- 


handlungsbericht Internationalen Symposiums Erkrankungen der 
Zootiere 2: 61-64. 


44 


A. Liesegang, J.-M. Hatt, R. Forrer, M. Wanner, E. Isenbügel 


Examination of the digestibility of Ca, Mg and P 
in four captive born juvenile Galapagos giant 
tortoises (Geochelone [elephantopus] nigra) 


Abstract 


Many diets of zoo animals are low in calcium or have a poor calci- 
um:phosphorus (Ca:P) ratio. To achieve optimal growth, including 
a healthy skeleton and a powerful shield, a well-balanced supply of 
calcium and phosphorus is important. The purpose of this study 
was to evaluate the digestibility of the diet fed at Zurich Zoo with 
special emphasis on the digestibility of minerals. 


Four captive born juvenile Galapagos giant tortoises at Zurich Zoo 
were used. The animals had an average weight of 2.1 + 1.0 kg. They 
were housed inside at a mean temperature of 23°C, at 65 % humidi- 
ty, and were exposed to a 12h light: 12h dark day including exposi- 
tion to UV light. To evaluate the transit time of the digesta, carmine 
red (approrimately 66 mg per kg BW) was given once in the food. 
After the transit time was estimated (8-18 days), the animals were 
fed the same diet, which consisted of vegetables, herbs and a mixture 
of different Ca sources. Daily mixed fecal samples of all tortoises 
were collected from day 8 to day 18. A Weender analysis was per- 
formed and the HCl-insoluble ash was used as endogenous indicator 
for the determination of the apparent digestibility. 


The energy content of the mired feedstuffs was 15.23 MJ/kg dry mat- 
ter, crude fiber content was 131 g/kg dry matter, protein content 
194 g/kg dry matter. The Ca content of the above-described food- 
stuffs was 5.72% in dry matter and the Ca:P ratio in the food was 
14:1. The digestibility of Ca was 61 %. The other examined miner- 
als, Mg and P, had a digestibility of 62 % and 79 %, respectively. 


Keywords 
Caleium, magnesium, phosphorus, tortoises, nutrition 
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T: Introduction 


The growth of animals is characterized by high variability and depends largely 
on food, climate, and other environmental conditions. Minerals have a great in- 
fluence on the achievement of an optimal growth in tortoises, ineluding a 
healthy skeleton and a powerful shield (Wallaeh 1971). For this reason a well- 
balanced supply with ealeium and phosphorus is of great importance. Caleium 
(Ca), phosphorus (P), and magnesium (Mg) requirements of most reptiles are 
poorly established. Recommendations have been derived from mammalian spe- 
eies (Zentek and Dennert 1997). To the author's knowledge no data on digesti- 
bilities of minerals in Galapagos giant tortoises (Geochelone [elephantopus] 
nigra) have been published. The solubility of the minerals in the gut is one of 
the main factors affecting their absorption. Generally in herbivores, absorption 
of Ca and P is thus favored by factors that hold them in a soluble form in the 
small intestine. The absorption of Ca and P is assumed to take place in the du- 
odenum by both active transport and passive diffusion (Wasserman 1981). 
Braithwaite and Raidzuddin (1971) showed in sheep that young animals with a 
high Ca requirement absorb Ca at higher rate and with greater efficieney than 
do mature animals with a low requirement. MeDowell (1992) stated that in all 
species, the feces are a primary path for Ca excretion. Feeal Ca is a combina- 
tion of unabsorbed dietary Ca and unabsorbed endogenous Ca from the intes- 
tinal mucosal secretion; therefore, any factors affecting Ca absorption will also 
affect the amount of Ca excreted in the feees. Mg is like Ca and P an essential 
mineral. It is important for the funetion of many enzymes and a major pereent- 
age is found in bone. Intestinal absorption of Mg varies linearly with dietary 
supply. Thus the intestine plays a greater role in the adaptation to changes in 
exogenous availability of ealeium than in that of magnesium (Aurbach et al. 
1992): 

The knowledge of the digestibility of Ca, P, and Mg is the basis for correct 
supplementation. The purpose of this study was to evaluate the digestibility of 
the diet fed to the juvenile giant tortoises at Zurieh Zoo with speeial emphasis 
on minerals. 


2: Animals, Materials, and Methods 


Four eaptive born juvenile Galapagos giant tortoises (vear of hatehing: 2x 1995 
2x1996) of Zurich Zoo were used. The animals had an average weight of 
2.1 € 1.0 kgand had a healthy appearanee. They were housed inside at a mean 
temperature of 23 XC, at 65 % humidity, and were exposed to a 12h light: (2h 
dark day including exposition to UV light. The transit time was estimated by 
giving earmine red (approximately 66 mg per kg body weight) into the food 
once. Thereafter the tortoises were observed for the appearance of red feces. 
which were first noted on day 8 after administration. The exeretion of the red 
color lasted until day 18. The animals were fed a diet that consisted of: 21.3 ¢ 


= 
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of hay, 29.8 g of crude cheese, 280.5 g of mixed herbs (parsley, basil, dandelion, 
nettle, leguminoses, sage) and vegetables (cauliflower, green beans, fennel, cu- 
cumber, garlic, green peppers, radish, red cabbage. celery, savoy, onions, Cour- 
gette). Calcium was provided as 8.5 g of a mixture of different sources (sepia 
shells, egg shells, mussel lime, !/5 of "Multiforsa Zoo" in the form of coarse- 
ground powder, Multiforsa AG, Switzerland). Mixed fecal samples were collect- 
ed each day in the morning and pooled from day 8 to day 18. 

A Weender analysis was performed to determine dry matter, ash. crude 
protein, erude fiber and fat. The HCl-insoluble ash was used as endogenous 
indicator for the determination of the apparent digestibility. 

About 3 to 5 g of feces were dried for 3 hours at 105 xC and used for the 
determination of the dry weight. The samples were put in the muffle oven at 
550 XC for 16 h and the ash was determined. The ash of each sample was 
mixed with 20 ml of 12 % hydrochloric acid and filtrated. The residue in the fil- 
ter is the HCl-insoluble ash. The minerals, which are soluble in HCl, can then 
be measured. The phosphorus concentrations were measured with an autoan- 
alyzer (Cobas Mira©, Roche, Basle, Switzerland) with a colorimetric method. 
The magnesium and calcium concentrations were measured by atomic absorp- 
tion spectrometry (SpectrAA-20, Varian, Zug, Switzerland). 

The apparent digestibility was calculated by using the following formula: 


Apparent digestibility = 1 —(I(F) x N(K))/(I(K) x N(F)) 


I (F) = concentration of indicator in feedstuff 
I (K) 2 concentration of indicator in feces 
N (F) = concentration of mineral in feedstuff 
N (K) = concentration of mineral in feces 


3 Results 


Organic matter in the diet, which is the difference between dry matter and ash, 
was 138 + 8 g/kg mixed foodstuffs. The energy content of the diet was 15.23 + 
0.82 MJ/kg dry matter, crude fiber content was 131 + 13 g/kg dry matter, pro- 
tein content 194 4 g/kg dry matter. The Ca content of the above described 
foodstuffs was 5.72 + 0.18 % in dry matter and the Ca: P ratio in the food was 
14:1. The apparent digestibility of organic matter was 79 + 7 "o, and the di- 
gestibility of Ca was 61 + 7 %. The two other examined minerals, Mg and P, had 
a digestibility of 62 + 6 % and 79 + 6 %, respectively. 

Caleulating the daily dry matter intake per animal, each animal consumed 
14.5 g (0.8 g Ca, 0.06 g P and 0.03 g Mg per animal per day). 
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4. Discussion 


Previous studies described that Ca and P play an important role in the nutrition 
of reptiles (Allen 1989; Allen et al. 1993), especially of tortoises, because the 
theory exists that an excess of Ca and/or P is a possible cause for pyramiding 
(Frye 1991). During growth, it is even more important to have enough calcium. 
Stancel et al. (1998) showed that in red-eared sliders (Trachemys scripta el- 
egans) shell pyramiding could not be induced in voung turtles bv supplementa- 
tion with dietary Ca and/or P at levels between 1.16-2.95 % Ca and 0.92-2.56 "o 
P. However, supplementation with Ca alone at 2.24 % was detrimental to nor- 
mal growth and development in voung red-eared sliders. To the author's knowl- 
edge this is the only study, that investigated the impact of Ca and P supplemen- 
tation to diets on the development of turtles or tortoises. Ca supplementation 
is a common practice in tortoise husbandry because of the belief that high 
amounts of this mineral are required to prevent the development of a soft shield 
(Highfield 1994). 

To our knowledge there is no published data on the digestibilities of Ca. P 
and Mg in tortoises. In growing mammals the apparent digestibilites of Ca, P 
and Mg are around 80 % (Ca, P) and 40% (Mg) in calves (Kamphues et al. 
1999), 70 % (Ca, P) and 55 % (Mg) in piglets (Dressler 1971). 70 w (Ca, P) and 
60 % (Mg) for puppies (Meyer 1983). Compared to these digestibilities in grow- 
ing animals, the values obtained in our study animals appear to be satisfactory. 
From these results, it could be expected that the digestibility of Ca, P and Mg 
is also higher in growing tortoises than in adult animals. Further studies are 
encouraged to compare these results with digestibilities in adult tortoises. 


5. Conclusions 


1. The digestibilities of the tested minerals appear to be in a normal range for 
growing animals. 

2. Further studies need to be done to evaluate the data and test the digestibil- 
ities of different Ca sources. 

3. Further investigations should be undertaken to investigate the digestibility 
in adult giant tortoises. 
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What are the nutritional requirements 
for making a good bird egg? 


Abstract 


There is increasing evidence from field studies that egg production 
can be a demanding process for birds. For many wild birds female 
body condition before the start of laying may be an important 
determinant of egg production, and for some species muscle 
proteins in the female body are broken down to assist with egg 
protein production, aud the muscle condition of the female before 
laying influences the size of her clutch. The physiological state of the 
female is also probably important in determiniug other aspects of 
egg quality, and identifying optimum nutrition for captive birds in 
the months before the start of breeding is probably as important 
factor determining breeding success. 


Keywords 


Nutrition, egg quality, egg production. 


ll Introduction 


It is often considered that the chick rearing period is by far the most demanding 
phase of breeding in birds, and in captive breeding programmes there has 
rightly been considerable emphasis on the nutritional requirements for rear- 
ing healthy young. The earlier process of egg production is sometimes consid- 
ered to be far less demanding for birds. There are two main reasons for this 
view. Firstly, for most birds the egg represents only a relatively small propor- 
tion of total female body weight. And secondly, most bird species will readilv lay 
replacement eggs if the early eggs in a clutch are removed. For example, a Less- 
er Black-backed Gull will normally lay a clutch of three eggs, but if the eggs are 
continually removed some females will continue laying up to eighteen eggs. 
This might indicate that egg production is a relatively undemanding process. 
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However, recently several studies on wild birds have suggested that this is 
not the case. When wild gulls and terns are caused to lay just a single addi- 
tional egg, by having their first egg removed, the female bird has her ability to 
rear young significantly reduced. Monaghan et al. (1995) and Heaney & Mona- 
ghan (1996) showed that even when these females are experimentally given 
exactly the same number of chicks to rear, those females who had laid a single 
additional egg were less successful in giving rise to surviving chicks. It is also 
known that at the time birds are forming eggs many wild birds lose a substan- 
tial amount of musele protein. This was first described by Jones and Ward 
(1976) for the African Quelea quelea, where a female bird loses about 14 % of 
her flight musele mass during the few days of egg production. About 29 species 
of birds have since had their body condition studied during the few days of egg 
produetion, and 22 of them show a significant loss of muscle protein at this time 
(Houston et al. 1995b). Maybe it is this loss of body condition and other physi- 
ological stresses which causes females who lay larger clutehes to be less effi- 
cient at rearing the voung? Both of these findings suggest that egg production 
is a far more demanding process for a bird than we had thought. 

Studies on egg production in birds have been dominated by the extensive 
literature on domestie poultry. However, chickens are not typical birds. Thev 
have been selectively bred bv man to produce an egg almost every day of their 
produetive lives. The only way they ean maintain this output is if their daily 
food intake contains all of the nutrients that thev need for egg formation. But 
for most wild birds there is onlv a single breeding attempt each year, and the 
production of the few eggs that constitute the clutch is a critical period in their 
annual cycle. Wild birds may derive the nutrients they need for egg production 
not only from their dailv food intake, but ean also use stored body reserves in 
a way that domestic poultry never could. The resources for egg formation could 
come from three routes: from the diet, from endogenous sources or by realloca- 
tion of phvsiologieal processes within the birds to permit resources to be 
diverted from body maintenance to egg formation. The relative importanee of 
these various routes has still not been established for anv species of wild bird 
(Walsberg 1983, Houston et al. 1995a). In this review we consider 


1. Why the nutritional requirements of egg produetion may be demanding for 
a bird. 
How female body condition may contribute to egg formation. 


3. Which aspects of reproduction may be influenced by nutrient reserve qual- 
ity in birds. 


2 Nutritional requirements for egg production 


Although a single egg may be a small proportion of female body weight, the to- 
tal eluteh ean make considerable demands on a female bird. The female blue tit 
Parus caeruleus lays a clutch that weighs more than her own body weight 
(Perrins, 1979). This requires a large investment of energy. When considering 
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whether the natural food supplv available to a wild bird might limit their egg 
production, most field ecologists have only considered the food available in 
terms of its energy content (Martin 1987, Boutin 1990). But it is possible that 
some essential nutrients may be limiting. Several nutrients might be involved. 
and this will obviously vary between bird species according to the nature of 
their natural diet. But protein is probablv an important faetor (Robbins 1981) 
and especially protein quality. Proteins are built from amino acids, some of 
which can be synthesised by the bird and are termed inessential, and others of 
which are essential and must be obtained from the diet. The balance of amino 
acids required for egg proteins is rather unusual, having for example rather 
high requirements for the sulphur amino acids methionine and evsteine (Mur- 
phy 1974, Houston et al. 1995a). It is known in domestic chickens that certain 
amino acids will improve ege production when added to the feed (Scott et al. 
1982) and seed eating finches, such as the Zebra Finches Treniopygia gutta- 
ta, are known to lay larger clutches when fed on a diet with a high protein con- 
tent (Williams 1997, Houston 1997). But these are species that normally feed on 
vegetable proteins, that are of rather poor qualitv. What is more surprising is 
that there is evidence that even species feeding on high quality animal protein 
diets can have their egg production limited bv food quality. Lesser Black- 
backed Gulls Larus fuscus in the wild when given supplementary food of either 
fat or animal protein, both of equivalent caloric value, will only increase egg 
production in response to the protein supplement (Bolton et al. 1992). Blue Tits 
Purus caeruleus also only increase egg production when fed protein supple- 
ments, not when fed energy supplements (Ramsay & Houston 1997). The sup- 
plementary diets used in these studies contained entire eooked hens eggs, and 
it is possible that other nutrients such as essential fattv acids, vitamin or min- 
eral levels may have caused the effect rather than protein quality. But in Blue 
Tits birds were provisioned with two diets which were of identical caloric, total 
protein and non-protein nutrient balance, and differed only in that one was 
supplemented with five essential amino acids (selected because they were 
known 10 be required in higher concentration in egg proteins) and the other 
with sufficient glutamie acid to make the two diets isonitrogenous. Only those 
females receiving the ‘high quality’ protein diet laid larger clutehes than con- 
trol birds, containing about 18 %.more eggs (Ramsay & Houston 1998). 

There is, therefore, good evidence that diet quality can constrain egg pro- 
duction in wild birds, and amino acid balance is likely to be among the factors 
involved. 


3. Female body condition and egg formation 


Lack (1968) first suggested that wild birds timed their breeding season so that 
the period when the chieks were growing most rapidly, and when the parents 
had to obtain the maximum amount of food, would coincide with the season 
when food was most abundant. But this may mean that birds have to lay their 
eggs many weeks before this peak of food supply. when food may be scarce. In 
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this situation there would be strong selective pressure for birds to store nutri- 
ents in their body before the start of the breeding season. Females with good 
body stores might then be able to lay their eggs earlier, or to lay larger eggs or 
bigger clutches. Jones and Ward (1976) first suggested that muscle tissue may 
act as a store of protein for egg production. Kendall et al. (1973) suggested that 
the sarcoplasm proteins might fulfil this role, because they could be lost with- 
out weakening the contractile ability of the muscle. The use of labelled amino 
acids has demonstrated in Zebra Finches that muscle proteins are broken 
down at this time and used to form the egg proteins (Houston et al. 1995e). 
Analysis of the sarcoplasm proteins of these birds suggests that a high molec- 
ular weight component declines markedly while eggs are forming, and may 
contribute to the protein store (Houston et al. 1995b). This suggests that gen- 
eral muscle proteins might not be used as the only source of protein, because 
this could weaken flight performance, but that there may be special proteins in 
bird muscle — perhaps rich in those essential amino acids which are limiting in 
the diet - and that these proteins can readily be mobilised to contribute to the 
amino acid pool available for egg formation. 

If this is the case, then we might expect that it is the quality of muscle 
reserve that a bird can lay down which is important rather than the absolute 
amount of muscle tissue. This does seem to be the case. Selman & Houston 
(1996) found that the quality of diet available to a female bird well before the 
start of the breeding season can have a profound influence on the number of 
eggs she will lay and the young she will rear, irrespective of the food supply 
available during the period when eggs are actually being formed. These studies 
do suggest that it is important to ensure that female birds receive an optimum 
diet in the weeks and months leading up to the start of the breeding season, to 
ensure females are in peak body condition because this will be reflected in 
enhanced egg production. 


4. How female condition might influence breeding 


Apart from influencing the size and number of eggs that a female will lay, her 
body condition or physiological state before the start of breeding ean also influ- 
ence her breeding in other ways. Male birds can diseriminate between females 
who, because of their past dietary experience, will lay large or small clutches 
(Monaghan et al. 1996). Good pre-breeding condition will therefore influence 
the quality of mate that she obtains. There are also likely to be survival conse- 
quences for the female if endogenous resources are depleted at the time of egg 
formation. We have recently found that the immune system of birds is sup- 
pressed by egg production if they are not in optimum condition before breeding, 
and so may be less able to repair damaged tissues or fight infection. Egg quality 
is probably not only determined by nutrient composition, but also by the level 
of immunoglobulins, hormone levels and antibacterial compounds that the fe- 
male can place in the egg, and all of these are likely to be influenced by the 
physiological state of the female at the time of laying. 
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51 Conclusion 


All experienced breeders know that getting birds in good condition before the 
start of breeding is important. We are now beginning to understand why. The 
right nutritional balance in the diet prior to breeding will obviously vary be- 
tween species according to their natural diet. But there is good evidence that 
for many birds certain essential amino acids are particularly important, can be 
limiting in the diet, and are stored by the female in her muscle tissues. Supple- 
menting diets with these amino acids can improve egg production in some spe- 
cies. The physiological state of the female bird before the start of the breeding 
season can influence the quality of eggs that she will lay, as well as her own fit- 
ness when she has finished laying and starts on the demanding task of rearing 
the young. 
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Digestion strategies in meat and 
fish eating birds 


Abstract 


Meat and fish eating birds differ in their digestive efficiency, their 
speed of digestion and in the length of their digestive tract. It is sug- 
gested that the predatory behaviour shown by a species influence the 
digestive strategy it has evolved. In birds of prey those species which 
require rapid acceleration to capture their prey have evolved com- 
paratively short guts, and poor digestive efficiency, because the re- 
duced body mass that this causes enables them to achieve a higher 
rate of prey capture. Those species which scavenge or do not require 
rapid acceleration have longer guts and higher digestive efficiency. 
The same effects are found in fish eating birds, but there are other 
factors also involved. Short gut species are forced to be specialised 
in the choice of prey items taken, which must be of high energy con- 
tent to compensate for their comparatively poor digestive efficiency. 


Keywords 


digestion, fish eating birds, birds of prey. 


1. Introduction 


It is well known that many birds and mammals which eat plants need to have 
specialised digestive tracts. This often involves symbiotie fermentation cham- 
bers in some region of the gut to assist with the breakdown of the cellulose cell 
walls of plants. Such species may require specialised diets when they are kept 
in captivity, to sustain a viable gut flora. Carnivorous species. however. usually 
have rather unspecialised guts. A diet of meat or fish is relatively easy to digest. 
The acidic conditions in the stomach, together with protein splitting enzymes. 
will rapidly breakdown soft tissues without the need for any specialised re- 
gions of the gut. It is therefore generally thought that all carnivorous birds and 
mammals are similar in the way in which they digest food and in their digestive 
efficiency (Castro ef al., 1989; Karasov 1990). However we know from keeping 
these animals in captivity that there appear to be differences in the way in 
which they digest food. Peregrine falcons falco peregrinus will lose weight if 
fed on a diet of rabbits, although Buzzards Buteo buteo will easily maintain 
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weight on the same food (Barton & Houston 1993b). Gulls can be fed on rather 
low quality fish, whereas penguins need high quality fish if they are to thrive. 
In this review I will mainly summarise some recent work which suggests that 
there are ecological reasons why meat and fish eating birds differ in the type of 
food they can eat, and in the quality of food thev need to be fed when kept in 
captivity. It is based on the comparative studies carried out by Barton and Hou- 
ston (1993a, b, 1994, 1996) on birds of prev and Hilton ef al. (19982, b, 1999, in 
press a, b, c) on seabird species. These studies involved a series of feeding tri- 
als to determine digestive efficiency and rate of digestion in various species, to- 
gether with post-mortem examinations to determine gut morphology. 

Maybe not all earnivorous animals are equally efficient at digesting their 
food. There is little published information in the mammalian literature, but 
domestic dogs have a 10 % greater digestive efficiency for energy than domestic 
eats ( Kendall et al. 1982), and this difference mav also apply to wild species of 
eats and dogs (Houston 1988). Domestic dogs also have proportionatelv longer 
digestive tracts for their body mass than do domestic cats. Siblv's (1981) model 
of animal digestion hvpothesised that there should be a relationship between gut 
length, food transit time and digestive efficiency, so that if a species has a short 
gut and passes food through the body rapidly it does not digest the food so effi- 
ciently. Houston (1988) suggested that the different predatory strategies shown 
by mammalian carnivores might explain these differences in how thev digest 
their food, and in this review I consider whether predatory behaviour might also 
explain differences in digestion in meat and fish eating birds. 


2: Birds of prey 


We might normally expect that an animal would develop a gut length and rate 
of passage of digesta that provided the optimum return of energy per unit time 
from the food. However, predatory animals have to catch their meal first. This 
involves, for some predatory birds, an extremely fast initial acceleration to 
overtake the prey. This is partieularly apparent in those birds of prev which 
catch small passerine birds in flight, such as sparrowhawks. Catching birds in 
flight is the most demanding type of predation shown by birds. Only 12.9 % of 
all such attacks are successful (Temeles 1985). In species specialising in this 
form of prey capture we might expect that natural seleetion will favour individ- 
uals developing as low a body mass as possible, because their acceleration, ma- 
noeuvrability and agility are all strongly mass dependent (Andersson & 
Norberg 1981). This might include the development of a small gut, which not 
only economises in the mass of gut tissue, but also in the mass of food earried 
in the gut. Species with small guts might digest their food less efficiently, but 
individuals with small guts could still be selected if their lighter mass resulted 
in a higher rate of prey capture and thus a greater total energv gain per day. 
Other predatory birds, however, probably do not require such a rapid acceler- 
ation, because they drop down from the air on to relatively slow moving food on 
the ground — c.g. vultures, kites and some eagles who obtain a large part of 
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their food by scavenging. Such species we would expect to have longer guts, to 
retain their food for longer and to digest their food more efficiently. 

If this hypothesis is true, when we compare between species we would expect 
to find a correlation between the length of gut found in a species and the digestive 
efficiency of that species, after correcting for differences in body size. Barton 
& Houston (1994) showed that for birds of prey this correlation holds well. Some 
species, such as peregrine falcons, have relatively short small intestine length 
and a digestive efficiency of about 75 9o, whilst species such as buzzards and red 
kites Milvus milvus have relatively long small intestines and digestive efficiency 
of about 82 % (Barton & Houston 1994). The differences in gut morphology are 
considerable: a peregrine falcon and a red kite are of approximately the same 
body mass, yet the falcon has a small intestine length only half that of the kite 
(Barton & Houston 1994). This effect probably arises because the rate at whieh 
food passes through the gut of different species does not seem to vary greatly, so 
that those species with long guts tend to retain food in the gut for longer periods 
and can therefore digest it more efficiently (Hilton et al. 1999). 

We would next expect that those species which show short guts would be 
species which rely on a rapid acceleration to capture prey, whereas long gut 
species would be scavengers or feed on comparatively slow moving mammalian 
prey. We divided the birds of prey species into ‘attackers’ (where more than 
75 % of the diet was obtained by catching small birds in flight: species such as 
sparrowhawks and falcons), and ‘searchers’ whose feeding was predominantly 
on mammals or carrion (buzzards, eagles, kites etc.), and found that, as 
expected, there was a strong relationship. Only those species which need a 
rapid acceleration to capture their prey showed a short gut (Barton & Houston 
1994). We also find that some other organ systems are smaller than we would 
expect in this group of birds (Barton & Houston 1996), further suggesting that 
selection pressure to minimise weight has caused these changes in gut mor- 
phology. 

Finally we would expect that, because of their smaller gut and poor diges- 
tive efficiency, short-gut birds of prey would be constrained in the type of food 
they could eat. Feeding trials confirm this (Barton & Houston 1993a, 1993b), 
and only long-gut birds of prey are able to survive on low quality foods such as 
carrion or mammalian prey with a low fat content. The short gut species, such 
as falcons and sparrowhawks are virtually never seen feeding on carrion in the 
wild, even if this food supply is abundantly available. The reason is that their 
digestive system is so poor that they cannot survive on this diet, and in captivity 
will rapidly lose weight if fed on a diet which does not have a high fat content. 
Short-gut species specialise in the capture of small passerine birds, which have 
comparatively high fat content compared to mammalian carcasses. 


3. Fish eating birds 


When we come to look at fish eating birds we find that the situation is far more 
complex. There is still a relationship between the length of the gut and diges- 
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tive efficienev, so that short-gut species retain food in the gut for a shorter time 
and digest their food less well than do long gut species (Hilton et al. in press 
b.). But the relationship is not as clear as in birds of prev, for two main reasons. 
Firstly, there are many different ways in which birds can catch fish. It is not 
possible to divide them conveniently into ‘searchers’ or attackers', as with 
birds of prey. Fish eating birds may enter the water by diving from the air, 
swimming on the surface, or swimming underwater. They may rely on the 
speed of flight entry into the water to reach the fish, or depend on power swim- 
ming from the leg muscles or from the wings. They may capture fish that are 
active, and require fast chase, or cryptic and require no acceleration. Still oth- 
ers may scavenge dead items [rom the sea surface or the strand line. Because 
we do not understand the energetic costs of these various capture methods, 
and particularly how body mass might influence various capture methods un- 
derwater, it is diffieult to make clear predictions that we can test. For example, 
for some fish eating birds a high body mass may make it easier to catch prev, 
as in diving gannets and boobies where the underwater speed is determined bv 
the diving speed at entry. But in auks or other species which swim underwater, 
and have to overtake the fish they are chasing bv swimming with the wings, the 
entry speed may be irrelevant and a low body mass important. Fish eating 
birds show the same range of variation in gut length that we find in birds of 
prey, and also a similar range in digestive efficiencies. It is generally true that 
pursuit foragers, such as the auks, have shorter guts, faster throughput of food, 
and poorer digestive efficiency than do scavenging foragers such as gulls 
(Hilton et al. 199Sa, b, /» press a). Secondly, many seabirds need to make long 
distance flights to reach their feeding grounds from the breeding colony, and so 
when thev are breeding the ability to carry a large quantity of food in the stom- 
ach, and the energetic cost of transporting this food long distances, becomes an 
important factor influencing digestive strategy. This is not an important factor 
in most birds of prey, who are almost all territorial breeders and have to trans- 
port prev only a short distance from the point of capture to the nest site. For 
those seabird species which need to use a great deal of energy commuting be- 
tween their breeding colony and the feeding area it seems that a rapid rate of 
digestion, and consequently a poor digestive efficiency is preferred. This is be- 
cause of a bottleneck effect which occurs when the gut is full, because once suf- 
ficient fish have been consumed to fill the stomach it is only possible to capture 
further fish when some of the stomach contents have been passed down the di- 
gestive tract. This effect means that birds with a fast throughput time ean con- 
sume more food each day than birds with a slow throughput time. However 
those seabird species which do not use a great deal of energy travelling from 
feeding area to breeding colony would be expected to have a slower throughput 
time to take advantage of the more efficient digestion (Hilton 1998a). 

A feature of fish as a diet is that there is far greater variation in food quality 
between different types of fish than that encountered by meat eating animals. 
This is beeause some fish species store large quantities of oil. whieh can make 
their energy content almost double that of other fish species which lack such 
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oil stores (Hilton et al. in press d). Furthermore, the oil eontent varies not only 
between species but also seasonally within each species. Seabirds also special- 
ise in their diet choice, and as in birds of prev this may be a direct consequence 
of their digestion strategv. Auks tend to specialise on oil-rieh fish species, 
whereas gulls will eat a wide variety of foods, including some prev of very low 
energy content — such as many marine invertebrates. 

In fish eating birds Hilton (in press c) was able to show that there are costs 
when an individual bird changes diet because they are less efficient at digest- 
ing the new diet. If birds are fed on one type of fish, to allow their gut to become 
used to this fish species, and are then changed onto another fish species, there 
will be in some birds a marked decline in their digestive efficienev. This mav be 
because the bird has undergone changes in gut anatomy, gut ultrastructure or 
enzyme composition to optimise digestion for one tvpe of fish. and these fea- 
tures need to change to digest other fish species optimally. Remarkably, some 
species are less efficient at digesting a diet of two species of fish fed together 
as a mixed diet than when they are fed on either type of fish alone. This is prob- 
ablv for the same reason, in that the gut adapts between fish species and it is 
not so easy to digest mixed meals because the gut cannot become so special- 
ised as for a single fish species dict. However, in practical terms these differ- 
ences are only likely to be important between fish species which differ mark- 
edly in their composition. 


4. Conclusion 


When birds of prev and fish eating birds are kept in eaptivity there are elear 
differences in the quality of diet that thev require. These seem to be linked to 
the gut morphology shown by different species, which is in turn derived from 
the eeological conditions to which the species are adapted. This may help us to 
understand why some species are more demanding in their requirements than 
others. Both birds of prev and fish eating birds have evolved many highly spe- 
cialised methods of prey capture. Some species show predatory strategies 
which are mass-dependent, such that individuals with a reduced body mass are 
more likelv to catch prey than heavier individuals. In such species there may 
be selection for a short gut, and as a consequence a relatively inefficient diges- 
tion. Short-gut species may then be forced to feed only on high quality prev 
items with a high energy content. The food requirements of short-gut species in 
captivity are therefore far more demanding than those of long-gut species. 
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Diet selection, foraging ecology and social 
relationships in Macropodoidea (Kangaroos, 
Wallabies and Rat-kangaroos) 


Abstract 


The Macropodoidea are members of two families of marsupials 
ranging in size from 850 g to 90 kg, and in habitat from rainforest 
dwelling arboreal treekangaroos to arid zone adapted kangaroos. 
Their morphophysiological adaptations to foruging and nutrition 
are reviewed with repect to skull morphology, dentition, digestive 
anatomy, sexual dimorphism in size and weight, and energetics of 
locomotion. We then describe results of case studies, both field and 
experimental, testing hypotheses on foraging behaviour derived 
from these adaptations. The case studies relate to intraspecific size 
differences, food search strategies, adaptations to decreasing food 
quality, spatially clumped feeding situations, and effects of 
handrearing on foraging. We propose a number of changes in ma- 
cropodoid feeding regimes based on these results. 


Keywords 


Optimal Foraging theory, gastro-intestinal tract, dentition, 
locomotor energetics, ser differences in feeding 


E Introduction 


Macropodoid marsupials are often compared to ungulates. mostly ruminants 
both in their physiological and ecological adaptations. However, there are not 
only large, “typical kangaroo-like" species such as Red or Grey kangaroos but 
also small species such as rock-wallabies. tree-kangaroos and rat-kangaroos. 
Thus adaptations are not only comparable to bovids and cervids but also to hy- 
raxes (the rock-wallabies), large, subfossil lemurs (tree-kangaroos). and chev- 
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rotains or agoutis (rat-kangaroos). At present, there are about 60 species of 
macropodoid marsupials classified into two or three families (Potoroidae in- 
cluding or excluding Hypsiprimnodon, and Macropodidae). They are basical- 
Iv of four feeding-types: the fungivorous and subterranean bulb feeding 
potoroids, browsers (e.g. tree-kangaroos, pademelons). intermediate feeders 
(c.g. rock-wallabies, smaller species of J/acropus) and grazers (large species 
of Macropus, "Typical kangaroos and wallabies" (see Tab. 1). 

In our paper we intend to describe these morpho-physiological adaptations 
and try to draw some conclusions for a better, more biologically oriented feed- 
ing management especially of the smaller, less well-known species. 


Table 1 
Representatives of Feeding types in Maeropodoidea 
(followling Sanson 1989). 


Fungivores / Subterranean All Potoroidae and Hypsiprimnodon 
Bulb Feeders (basal dentition (genera Potorous, Bettongia, to some 
type retounid) extent also Aepyprymnus) 

Browsers Tree-kangaroos (Dendrolagus spec) 


Forest-wallabies (Dorcopsis / Dorcopsulus) 
Pademelons (Thylogale spec) 

Quokka (Setoni.r btachyurus) 

Swamp wallaby (Wallabia bicolor) 

some rock wallabies (Petrogale spec) 


Intermediate feeders Yellow-footed rock wallaby (P ranthopus) 
Dwarf rock wallaby (Peradorcas concinna) 
Hare-wallabies (Lagostrophus fasciatus, 
Lagorchestes spec) 
medium-sized wallabies (Macropus spec, 
subgenus Nofamacropus) 


Grazers Red and Grey kangaroos (Macropus spec, 
subgenera Osphranter and Macropus) 

Euros / Wallaroos 
Nail Tailed wallabies (Onychogalea spec) 


2. Morpho-physiological Adaptations 


Morphological and physiological adaptations to feeding are found in several or- 
gans and other body parts. The most important ones are: 


a. Shull morphology (Dittmann 1994): Like grazing ungulates, the rostrum. 
or snout part. of the skull is relatively longer in grazing (e.g. M. rufus, 
M. robustus) than in intermediate (e.g. JM. agilis) or browsing speeies. 
This trend corresponds to an inerease in diastema length between the 
molars and the front teeth. 
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Dent ition (Sanson 1989): The most important changes in dentition from 
browsing to grazing macropods are: reduetion and finally loss of the large, 
sectorial premolar (originally used for cutting stems, twigs ete), develop- 
ment of a convexely curved (in, lateral view) instead of a flat tooth row 
(which leads to a concentration of crushing forces at one particular molar). 
high erowned, lophodont molars, and development of molar progression 
(horizontal replacement of teeth). This allows a forward drift of molars, 
which are thus not in occlusion simultaneously, but in different age-stages 
of the animal. Thus, teeth are worn down one by one. instead of all at once, 
allowing for a longer life span of the dentition as a whole. 


The presumably basie macropodoid condition still retained in the potoroids 
consists of a concave instead of convex, curvature of the oeclusial row, bun- 
odont molars, and a large sectorial premolar. 

Stomach and gastro-intestinal tract (Hume 1982, 1989): Except. for 
Hypsiprimnodon moschatus the Musky rat kangaroo, the stomach of the 
other rat-kangaroos is differentiated in the three typical maeropodoid 
eompartments. These are the saeciform forestomach, a storage compart- 
ment, the tubiform forestomach, mostly for fermentation, and the hind- 
stomach. In the course of macropodid evolution from browsers to grazers, 
the size of the tubiform forestomach has increased, the sacciform 
forestomach has been relatively reduced. Microbial fermentation is in both 
forestomach parts, and retention time for particles is normally longer than 
for fluids (up to twice as long for particles). In general, macropodid stom- 
achs combine the advantages of a foregut fermentation (higher values for 
digestion) and hindgut fermentation (ability to inerease passage rate inde- 
pendantly of particle size). In some potoroids and browsing macropodids, 
forestomaeh fermentation seems to have detoxifving capabilities against 
secondary plant metabolites. Grazing macropodids are capable of urea- 
reeveling of up to 12% or more, increasing their ability to survive on low- 
protein mature grasses. Arid-zone kangaroos such as M. rufus or 
M. robustus, are also capable of retaining water (up to 5 ml/kg/d), mostly 
by producing drier faeces in a longer colon, and require at least 10 % less 
nitrogen than temperate zone kangaroos: both further adaptations to arid- 
zone herbivory. i 

Locomotor anatomy aud physiology: Croft (1996), and Claney & Croft 
(1991) have argued that differences in the mode, and energetic demands, of 
locomotion act as important constraints on macropodid foraging and 
sociality, when compared to ungulates. Slow progression, in a pentapedal 
gait using the tail as a prop. is more costly for a macropod than slow walk- 
ing for a similar sized ruminant but bipedal hopping at moderate to higher 
speeds is less costly than a gallop in a ruminant. This leads to macropodids 
foraging longer at a given food patch, and moving more rapidly to the next 
by hopping. compared to ungulates (e.g. Croft's (1996) comparison of arid- 
zone Euros and Desert bighorn sheep). Up to S0 % of movements in kanga- 
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3. 


roos are at speeds below 0.4 km/h, and Euros spend more time pausing, 
cropping and chewing, than the bighorns sheep. Cropping rate, calculated 
as dry matter weight per unit time, is higher in Euros. The consequence of 
this, more complete exploitation of food patches (Euros also often re-crop 
one plant before moving on the next one), is that macropodids can tolerate 
less intraspecific feeding competition, thus a lesser degree of gregarious- 
ness, or at least a fusion-fission type social organisation results. 

Serual dimorphism: Macropodids, particularly the large wallabies and 
kangaroos, exhibit some of the highest degrees of sexual dimorphism in 
weight and weapons (forearm, shoulder, both bones and muscles) found 
among terrestrial mammals (Jarman 1989). Large males of Red or Grey 
kangaroos ean be observed mating mature females of less than 30 % their 
own weight. This sexual dimorphism is the result of indeterminate growth 
in males (also, but to a lesser extent, in females of some species). Male 
kangaroos thus can be classified into several size classes, which enables 
(see below) intraspecific comparisons of digestive physiology, food choice 
and other aspects of foraging behaviour based on expected size differ- 
ences in metabolic rate and digestive efficiency. These are probably impor- 
tant factors in sex-related habitat or food differentiation. 


Foraging Ecology and Behaviour: Case Studies 


In this section we discuss the results of several studies of macropodoid feeding 
behaviour and ecology, which test hypotheses derived from the morpho-phvsi- 
ologieal adaptations and constraints discussed under 2. We follow with some 
husbandry and feeding recommendations in part 4. 


a. 


b. 
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Search patterns in foraging activity (see Croft 1996 for details). Fol- 
lowing the assumptions of general models, foragers should maximize gain 
and minimize costs; and, as described above, kangaroos should exploit 
food patehes with a minimum amount of locomotor energy spent "in tran- 
sit" from plant to plant. The search patterns of Red kangaroos. investi- 
gated in experimentally planted test areas, followed an area-restricted 
search path. They neither randomly nore directly moved from plant to 
plant, but followed a spiral path among and around plants. The direetion of 
the path obviously changed whenever encounter rate with uneropped 
plants declined. 

When competition is provided by introducing more than one kangaroo into 
the test enclosure, the animals moved more, cropped more, reduced chew- 
ing and vigilance. In the field, Red kangaroos decrease home range size 
when green biomass decreases, instead of increasing it, as sheep do. 

Food selectivity, related to quality. Optimal diet theory (c.g. Hughes 
1993) predicts that, in order to minimize costs and maximize gain, food 
selectivity should be inversely related to overall food quality (it is less nec- 
essary to spend time and energy being selective, when overall gains are 
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better). This should, both due to general size dependant metabolic con- 
straints (see below c), and due to differences in stomach structure and 
dention of macropodids (see above), be more evident in smaller than in 
larger species. Gruber (1996, Gruber at al. [in prep.]) compared food selec- 
tivity in an intermediate feeder (Petrogale xanthopus) and a grazer (M. 
robustus) in three areas in South Australia. For each studv site food avail- 
ability was quantitatively mapped by recording the frequency of occurence 
of plants in 5 categories (of different nutritional qualities). Faecal samples 
from both species where collected at both sites, and the remains of plant 
cell wall material determined to calculate the relative amount of each plant 
category in the diet. Selectivity was caleulated by quantitative compari- 
sons between the proportion of each plant type in the vegetation and in the 
faecal samples. M. robustus always selected for grass, whereas plant 
seleetion in P ranthopus, was more related to availability in those areas 
and seasons where overall quality (expressed by greenness and water con- 
tent) was better. This means, that food selectivity is indirectly related to 
food quality. 

. Size class differences: Body size in herbivorous mammals has important 
eonsequenees both positive and negative for feeding. On the one hand, 
larger individuals have a better volume: surface ratio which allows for a 
decrease in relative metabolic rate with body weight, but on the other 
hand, larger individuals have larger fermentation chambers, which allows 
them to digest lower quality, more fibre-rieh plants. Thus differences in 
food selection between size classes of macropodoids, should be evident. 
Larger individuals should inerease the amount of food taken, but be less 
selective, than smaller ones. Macropodoids particularly the large, sexually 
dimorphic species, are ideally suited to test these predictions, because 
their size-dimorphism enables a control for intra-specific, even intrasexual 
confounding factors in physiology. Klede (1996, Klede et al. [in prep.]). and 
Naujeck (1998) compared the foraging of Euros (M. robustus erubescens) 
in the Australian arid zone, in relation to age/sex class. Female Euros, 
when feeding in the same habitat as males, had slightly increased bite 
raies, and higher proportions of easily digestible food. Male Euros in areas 
with a high density of grass.fed on grasses and forbs, but as the grass 
decreased they ate more saltbush, a hard, low-quality-plant. Male Euros 
migrate periodically between the slopes of hills and flatlands, the latter 
with more grass, whereas females stay in the slopes (Naujeck 1998). As 
Klede (1996) found that large males, when in company of females, are 
among the least efficient feeders (see below), this could mean that flat- 
lands are used for “rest & recreation" by the larger males, to restock 
energy supplies after courting. In a comparison of different age classes, 
Klede's data (from the slopes) indicate that bite-sizes are highest in the 
Jargest males, bite rates are highest in females. Food intake (— bite-size x 
bite rate) is highest for females, and large males when unaccompanied by 
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females. These latter-mentioned males feed mostlv on round-leaved cheno- 
pods, a plant type that is high in water and protein once they digest the 
(very resistant) cell walls. All other age/sex classes prefer grass. Large 
males without females thus optimize food intake by gaining most from the 
lowest bite rate. Large males in the company of females, however, have the 
lowest values for nearly all measures of foraging behaviour; they obviously 
allocate most of their time to courting, or at least monitoring both the con- 
sort females and their potential competitors. 

Influence of hand-rearing: Pouch-voung and the voung-at-foot of kanga- 
roos and other marsupials are often orphaned. and taken into human cus- 
tody in Australia (e.g. following road-kills of mothers). In several cases, 
ihese hand-reared animals have been used in soft-release programmes 
(i.e. release into the wild after several weeks in an enclosure within the 
release habitat). Strätz (1998) followed several female Red kangaroos, for 
several months after release, and compared their foraging behaviour, habi- 
tat choice and other parameters with similar data from sympatrie wild. i.e. 
mother reared females. 

There were no differences in vegetation tvpes eaten or bite rates.However 
released animals did spend more time chewing, and were less mobile than 
their wild-reared counterparts. 


Influences of food quatlity/availability on activities and behaviour: 
Macropod species from arid areas should be eapable of adapting to differ- 
ences in the water content of food both physiologically (see above) and in 
behaviour. Travelling to water holes, costs energy, takes time away from 
foraging and increases the risk of predation from ambush at waterholes. 
Drinking should only be a “last resort” when water content in forage is too 
low. It was found in several field studies at Idalia NP, central Queensland 
(Gerhards 1995, Keller 1996, Witt 1995) that the water content in plants 
typically taken by Petrogale ranthopus can increase to over 50% after 
rain, and that following rainfall, visits to water-holes ceased completely for 
several days, even 1-2 weeks. Witt (1995) experimentally tested this fur- 
ther, by feeding captive P .ranthopus on pellets, either dry or soaked in 
water to saturation. The test animals drank significantly more often and 
longer when food water content wass reduced. 

Hóhn (1997) and Kronsehnabl (1997) investigated the influences of vegeta- 
tion characteristies on the activities and behaviour of Eastern Grey kanga- 
roos (M. giganteus), a grazing species of temperate Australian zones. It 
was expected that, with deteriorating foraging conditions, time budgets 
should change, with more time allocated to foraging, and social relation- 
ships should become more competitive. in order to allow individuals more 
exclusive exploitation of food sources. 


The study was designed as a comparison between field conditions (at the 
Grampians National Park, Vietoria) and zoo conditions (at Neuwied Zoo) in 
comparable seasons (spring to early summer). With decreasing biomass, 
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water content and greenness, foraging behaviour increased, and resting. 
social behaviour and selfgrooming decreased in large males. Medium sized 
males had the same changes except that social behaviour did not decrease. 
Of the social behaviour performed, agonistie behaviour decreased signifi- 
cantly, sexual behaviour non-signifieantlv in large males, and sexual 
behaviour significantly in medium males. Under “bad” conditions in Aus- 
tralia both blade and stem lengths of grasses varied more irregularlv and 
so food seemed to become more patchy. Ground cover however, remained 
almost unchanged. Thus no real clumped feeding conditions occurred, con- 
trary to the situation in arid zones with individual grass swards, separated 
by bare ground (see above 3a). 

Influence of clumped feeding on social relationships: Socio-ecological 
models of foraging behaviour originally developped for primates by van 
Schaik (1989) and Wrangham (1980) have been tested for several species 
of ungulates (see GansloBer 1998). Thev describe a fundamentally different 
reaction of browsing vs grazing species (in ungulates, and presumably 
also kangaroos) to a clumped, spatially heterogeneous food distribution: 
Seramble-feeders, such as leaf-eating primates, or grazing ungulates, 
should be constrained in coping with clumped food sources, by an inability 
to solve conflicts over food allocation except by aggressive competition, 
leading to disruption of group cohesion. Whereas contest-feeders (frugivo- 
rous primates, browsing ungulates) should be capable of solving these eon- 
flicts by means of a system of non-aggressive conflict solving (e.g. 
dominance relationships). In order to enhance these relationships, behav- 
iour such as grooming or other distance-decreasing patterns should be 
observed, the more so under conditions where relationships are more 
stressed. These assumptions were tested experimentally for several spe- 
cies of macopodoids from different feeding types; namely, depyprymnus 
rufescens, a rat-kangaroo (Bleistein 1993, GansloBer 1993), Macropus 
agilis, a browsing / intermediate species (Gansloßer & Hammer subm., 
Hammer 1996) and M. giganteus (Höhn 1997, Kronschnabl 1997) and 
M. rufus (Hammer 1996, Gansloßer & Hammer subm.). Both grazing spe- 
cies reacted to clumped feeding with increased aggression, increased indi- 
vidual distances, and decreased rates of non-agonistie behaviour, whereas 
M. agilis and Ae. rufescens did not increase agonistic behaviour or indi- 
vidual distances, but increased non-agonistie social behaviour. This dem- 
onstrates that browsing and intermediate feeders indeed have behavioural 
options to cope with elumped feeding that seem to be lacking in the grazing 
macropods. 


Conclusions and Recommendations for Feeding and Husbandry 


Several important lessons can be drawn from the review of maeropodoid feed- 
ing ecology for the improvement of husbandry in zoological gardens. We pro- 
pose the following: 
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a. Like ruminants and other ungulates (Hofmann [this vol.]), the feeding of 
captive macropodoids should be changed away from standard “kangaroo 
diets", or general recommendations such as "larger wallabies should be 
fed this, smaller ones that, and kangaraos are best fed hay". Keepers 
should take into account that there are at least four different feeding 
styles, and that these can vary within one genus or between similar-sized 
sibling species, and between individuals of different size classes. Diets 
need to be carefully constructed accordingly. 


b. Again like ruminants, maeropodoids (at least the non rainforest species), 
have to, and are able to cope, with seasonal differences in food quality. food 
quantity and food distribution. Coping with this variability happens at sev- 
eral levels, from social relationships through activity and time budgets, 
food selection (in terms of plant categories, plant parts and individual 
plant quality), down to digestive/metabolie adaptations. Food supplies 
should attempt to simulate these seasonal, or unpredictable (in the ease of 
arid zone species) changes. As ean be deduced from the study of hand- 
reared and released Red kangaroos, there are indications that these cop- 
ing abilities might at least in part be species — typical and invariant to 
ontogenetic condition. 


c. Individuals of macropodoid species exhibit a degree of variability and 
adaptability in the foraging strategy that is often unexpected in those 
"lower mammals". Both in terms of animal welfare (= enriehment) and 
species conservation (behavioural adaptabilitv and variability being an 
important part of biodiversity), these abilities should be challenged by 
means of varying and carefully planned feeding situations. 


d. Social relationships, particularly in the large, grazing species which are 
the “typical zoo-kangaroos" can be severely stressed, bv inadequate feed- 
ing space, e.g. at troughs. “Lumpy jaw” and other infections are often 
related to these stress-levels. This stress should be avoided bv changing 
the layout of enclosures towards more homogeneous food distribution. 
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Intake and Diet Digestibility in 
Three Species of Captive 
Pteropodid Bats 


Abstract 


Dietary intake and digestibility were compared in females of 3 spe- 
cies of captive fruit bats (Pteropus vampyrus, P. hypomelanus, and 
P. pumilus) fed the same diet. Daily total food intake averaged 28 96 
of body mass on an as-fed basis, or 7% on a dry matter (DM) basis. 
Dietary leftovers contained higher concentrations of protein and 
fat than the diet offered, and lower levels of soluble carbohydrates 
(CHO), suggesting some nutrient selectivity even in an apparently 
homogenous diet. Digestibility of DM (89 to 94%), protein (76 to 
91 %), crude fat (51 to 58 %), and water-soluble CHO (95 to 98 95) did 
not vary among species, iudicating that P. hypomelanus may pro- 
vide a suitable physiological model for nutrition studies of other, 
more endangered, fruit bats. 


. Keywords 
nutrition, Chiroptera, fruit bats 


Ir Introduction 


Much of the research concerning feeding and nutrition of fruit bats has been 
conducted with pteropodids (Prociv and Tracey 1986, Parrv-Jones and Martin 
1987, Tidemann and Nelson 1987, Kitehener et al. 1990, Richards 1990, Parrv- 
‚Jones and Augee 1991). Although food intake has been measured in some stud- 
ies bv examining excreta or stomach contents of both wild (Morrison 1980, Stel- 
lar 1986, Kunz and Stern 1995) and captive bats (Thomas 1984), neither 
method quantifies nutrients ingested or utilized. More extensive investigations 
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have foeused on water (Studier and Wilson 1983, Studier et al. 1983), protein 
(Delorme and Thomas 1996, Korine et al. 1996) and energy (McNab 1969, Mor- 
rison 1978, Van der Westhyzen 1975, Steller 1986, MeNab and Bonaccorso 1995) 
requirements of both megachiropteran and microchiropteran species, but sys- 
tematic comparisons of digestive efficiency among species have not been pub- 
lished. 

This study was designed to investigate nutrient intake and utilization in 
three species of Pteropus. P. vampyrus, the Malaysian fruit bat, and P. pumilus, 
the little golden-mantled fruit bat, represent physiological models for compar- 
ative studies as one of the largest, and one of the smallest, megachiropteran 
frugivores. P. hypomelanus, the island fruit bat, may be a model for other, less 
endangered pteropodid species. Objectives of the study were: 1) to evaluate 
composition of a diet offered to and consumed by a large research colony of 
fruit bats, in comparison with recommended nutrient guidelines for frugivo- 
rous bats (Fascione 1995), and 2) to document potential differences in nutrient 
digestibility among three species of Pteropus. Fat-soluble vitamin and mineral 
content of these diets will be addressed in a subsequent publication (Dierenfeld 
and Seyjaget, unpublished data). Such baseline information will contribute to 
our understanding of nutrition and feeding management in fruit bats. and 
assist in evaluation and development of optimal diets for managed feeding pro- 
grams globally. 


2. Material and Methods 


Study animals. Three adult, healthy, nonpregnant female bats of each spe- 
cies (P. rampgrus, 869.2 + 46.4 g, median + S.D.;: P hypomelanns. 492.2 + 
19.8 g; P. pumilus, 175.4 + 2.2 g) were utilized. Bats were housed individually 
in galvanized wire laboratory animal eages in a room with a humidity range of 
60 to 65 96, and temperature set at 25.5 °C, exposed to normal photoperiod 
(approximately 12.5:11.5 hr light:dark; Gainesville, FL. USA) through glass 
windows. Cage size varied with bat size: 91 em x 77 em x 62 em (H x L x W) 
for P. vampyrus (0.43 m?), 69 em x 62 em x 62 em (0.27 m?), and 61 em x 
46 em x 46 em (0.13 m?) for P. hypomelanus and P. pumilus, respectively. 
Cage sizes were not directly proportional to bat size; space needs were deter- 
mined rather subjectively and due to availability of caging. None of the cages 
allowed full flight activity. Each cage was equipped with a sample collection 
pan, lined with plastie sheeting, and fitted with a removable wire mesh (25 
gauge 6 mm^) over the flooring for daily colleetion and cleaning. 


Trial implementation. Following a one-week adjustment period to new hous- 
ing conditions, bats were offered their normal chopped diet in one afternoon 
meal daily for feeding during the night comprising (as-fed basis): 79 % fruit, 
16 % vegetables, 5 "o dry commercial primate diet, and additional vitamin E 
and calcium supplements. Bats had been fed this diet for approximately one 
month prior to trials; daily quantity offered comprised approximately one-half 
of the animal's body mass. Water and salt blocks were constantly available. 
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Two five-day intake trials were conducted. All food offered, remaining (both 
uneaten in bowls and ejected), and feces were collected, separated from any 
food contamination, and weighed dailv for each individual. Fresh weights were 
recorded, and subsamples pooled and frozen for later analysis. The combina- 
tion of uneaten food in the bowls, and food ejected, were subtracted from total 
food offered. Dehydration correction factors were used to determine total 
intake by monitoring daily weight changes over time in: 1) control bowls of diets 
offered (to correct for uneaten diet) as well as 2) control samples of diet spread 
randomly over a control cage in the same environment (to correct for ejected 
food). Urine was not collected separately, thus some contamination of foods 
and feces may have occurred, which was not corrected for in subsequent caleu- 
lations. 


Table 1 
Composition of diets fed to 3 species of fruit bats (Pteropus rampyrus, 
P hypomelanus, P pumilus) at The Lubee Foundation, Gainesville, FL. 
All nutrients except water on a dry matter basis. Analytical data 
correspond to Trial 1 and Trial 2, respectively. 


Lubee Foundation Diet (March/April 1995) 


Nutrient Expeeted Laboratory Chiropteran TAG Diet 
Compositon* Analysis! Recommendation* 

Water, 9o 13.7 72.8, 79.1 na. 
Protein, % 8.5 8.9, 10.1 2 to 15 

Fat, % 20 2.4, 2.4 5t09 

Soluble CHO", TUR 46.0, 50.2 n.a. 

% 

Ash, % 6.5 3.5, 6.7 n.a. 


* 


Calculated from weighted nutrient values of dietray ingredients 
Actual nutrient values in diet quantified by laboratory analysis 

Fruit Bat Husbandry Manual, AZA Chiropteran Taxon Advisory 
Group, 1995 

** n.a. = not analyzed or not available 

+t. CHO = carbohydrates 


EEE. 


Analysis of foods and feces. Frozen samples of diet. leftovers. ejecta, and 
feces were shipped on ice to the Wildlife Nutrition Laboratory. Wildlife Conser- 
vation Society, freeze-dried, and ground prior to nutrient analysis including 
proximate composition (water, erude protein, crude fat, total ash: Williams 
1984) and water soluble carbohydrates (Conklin and Wrangham 1994). 
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Statistical analysis. Chemical components in leftovers and egesta were 
compared using Wilcoxon signed rank tests (P = 0.05). Where differences were 
significant, further comparisons among species’ medians were determined 
post-hoc by Kruskal-Wallis analysis of variance of ranks at ? = 0.05 (Campbell 
1974), computed using Systat™ (Wilkinson 1987). 


Table 2 
Composition of diet fractions remaining for 3 species of fruit bats fed an 
identical diet at The Lubee Foundation, Gainesville, FL. All nutrients 
(except water) on a dry basis. Median values reported; sample size for 
all values — 3. 
Asterisk: Leftovers differed significantly from egesta in chemical 
composition (Wilcoxon signed rank test, *P = 0.05, **P = 0.01). 
P. hvpomelanus displayed a significant species effect in sol CHO 
extraction (post-hoc Krusal-Wallis comparison at P «€ 0.05 ). 
(Sol CHO = soluble earbohydrates) 


P vampyrus P hypomelanus P pumilus 
Nutrient Leftovers Egesta Leftovers Egesta Leftovers  Egesta 
Water, %* 19.6 66.7 75.4 61.2 75.1 67.0 
Protein, % 129 13.0 13.3 13.7 10.3 LEZ 
Fat, % 5.1 4.3 4.3 4.9 3.3 4.1 
Sol CHO, %** — 34.7 20 39.7 222 40.6 35.5 
Ash, %* 6.3 5.0 7.8 5.3 5.8 4.4 


3. Results 


Diet composition. Nutrient concentrations determined in the diet are found 
in Table 1, and compared with calculated values (Animal Nutritionist software., 

2 Computing, Silverton, OR) and the AZA Chiropteran TAG recommended 
nutrient levels for fruit bats. 


Intake, selectivity, and digestion. Mean daily DM intake, as a proportion of 
body weight, was 6.9 + 1.5 % for P. vampyrus, 6.6 + 0.7 "o for P. hypomela- 
nus, and 7.2 x 1.3% for P. pumilus, or about 28 % of body mass on an as-fed 
basis. Animals maintained a stable weight (< 5% variation) over the trial 
period. Food remained at the end of eaeh day, therefore intake was not limited 
by the amounts provided. Dietary leftovers contained higher concentrations of 
erude protein and erude fat than the diet offered, and lower levels of soluble 
CHO (Table 2), suggesting nutrient selectivity even in an apparent homoge- 
nously prepared diet. 

Ejected pellets (chewed and rejected) analyzed contained lower (P < 0.05 ) 
water, soluble CHO, and ash than diet leftovers (see Table 2), suggesting that 
these nutrients are efficiently extracted during mastication. Species’ differ- 
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ences in the ability to remove water from ejecta tended towards significance: 
P hypomelanus had drier ejecta than either P vampyrus or P pumilus, but 
only at (P<0.10). In this respect, it may be of interest to compare water 
balance, as well as the water content of native foods selected by free-ranging 
pteropodids, to better understand feeding ecology among these species. 

Although P hypomelanus was more efficient at soluble CHO extraction 
than the other Pteropus species (P €0.05 ), no significant differences among 
species in apparent digestibility of dry matter (85 to 94 %), protein (74 to 91 90), 
crude fat (51 to 58 9), or water-soluble carbohydrates (95 to 98 %) were noted 
(Table 3). 


Table 3 
Caleulated apparent digestibility coefficients for nutrients consumed by 
3 species of fruit bats fed an identical diet at The Lubee Foundation, 
Gainesville, FL. Median values (7 = 3 for each group, except where 
noted). 


Digestion Coefficient 


P vampyrus P hypomelanus P pumilus 
Dry Matter, % 89.2 93.9 854 — 
Protein, % 81.8 90.5 13.9 
Fat, % 20 62) D 51.4 (n = 2) 
Sol CHO , % 96.3 97.6 95.5 


Sol CHO = soluble carbohydrates 


4. Discussion 


While actual dietary nutrient requirements remain unknown for Pteropus, the 
diet fed in this trial supports reproduction and growth of several species of 
frugivorous bats housed at The Lubee Foundation (Kunz and Stern 1995). We 
found no significant species differences in digestibility of dietary dry matter, 
protein, fat, or soluble carbohydrates. Fat was rather poorly digested by all 
three species of bats, and we could find no published literature on lipid diges- 
tion in fruit bats. The high-carbohydrate, low-fat diets of the Pteropodidae in 
general (Morrison 1980; Stellar 1986; Herbst 1988; Richards 1990; Parry-Jones 
and Augee 1991), in combination with these digestion data, suggest that sugars 
are a more important energy source than dietary lipids in frugivorous bats, as 
has been documented for microchiropterans (Morrision 1978; Morrison 1980; 
Van der Westhyzen 1978; Thomas 1984; Delorme and Thomas 1996; Korine et 
al. 1996). 

Possible species differences were, however, apparent in dietary extraction 
ability (and/or feeding behaviors) as indicated by the chemical composition of 
dietary leftovers compared with ejecta. Although animals were offered identi- 
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cal diets, selective feeding behaviors may have allowed these bats to consume 
diets that differed in nutritional content. Perhaps differences in body size (and 
by inference, bite size, which may be an important niche dimension) allowed a 
finer distinetion in feeding choices than could be visually determined. Thus 
chemical assessment of diets can be essential in evaluating the degree of nutri- 
ent selectivity by fruit bats. All aspects of feeding must be considered: diet con- 
sumed, rejected food, as well as food that is chewed, solubles extracted, and 
then ejected. 

Although small sample numbers contributed to the variability in this study, 
P hypomelanus may be a suitable physiological model for other medium- to 
large-body sized Pteropus species in nutrition studies. Its stable conservation 
status, and lack of significant differences among parameters measured, justify 
its use as a researeh model, particularly for highly endangered species. 
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Nutrition of Old World Fruit Bats in Captivity: 


Diet Studies of Livingstone's Fruit Bats 
Pteropus livingstonii 


Abstract 


Fruit bats of the sub-order Megachiroptera and tamily Pteropodidae 
are being increasingly kept and bred in captivity. However, there re- 
mains relatively little known about the adequacy of the diets that are 
fed to them. In addition, the combination of reduced exercise and a 
plentiful food supply result in captive bats being generally heavier 
than their wild counterparts. The nutrition and feeding habits of cap- 
tive Livingstone's fruit bats Pteropus livingstonii were studied at Jer- 
sey Zoo, with the aim of improving their feeding regime. First, feeding 
behavior was eraminedtotry and explain why some buts were much 
heavier than others. Significant variation in time spent feeding and 
the utilization of feeding sites was revealed. The bats’ daily diet was 
then evaluated. The amount and the number of different food items 
were found to vary considerably from day to day. Nutritional break- 
downs of foods were obtained and the available literature on fruit bat 
nutrition was used to compare known nutrient and energy require- 
ments with the levels presented. A new diet, with a reduced daily di- 


versity of food items was proposed, to try and minimize the effect of 


individual preferences and social status on nutrition. This diet was 
balanced over a weekly period and made nutritionally comparable to 
the former one, as no health problems, other than possibly obesity, had 
so far been linked to nutrition. Trials of the modified diet gave an in- 
dication of dietary preferences, for erample, acid fruits were found to 
be the least preferred foods. The diet was then further altered to take 
into account these preferences, distributing the most preferred and 
disliked foods more evenly throughout the week. 


Keywords 


nutrition, fruit bat, Chiroptera, captive management, diet, feeding 
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als Introduction 


'The distribution and composition of the daily feed available to fruit bats in cap- 
tivity is obviously very different from that eaten in the wild. In addition energy 
requirements in captivity are much smaller, as the bats do not need to travel far 
in order to reach their food source. Consequently the problem of obesity has 
arisen in some captive Rodrigues fruit bats Pteropus rodricensis and Living- 
stone's fruit bats P /iringstonii at Jersey Zoo, headquarters of the Durrell 
Wildlite Conservation Trust. Both these critically endangered species are kept 
for captive breeding. The dietary problem was more apparent in the larger and 
less active P livingstonii, of which Jersey Zoo housed the only captive popu- 
lation from 1992 to 1998. To try and solve this problem a series of diet studies 
were carried out on this species. These included 1) An investigation of feeding 
behavior; 2) An evaluation of the diet; and 3) Modification of the diet. Here we 
present a summary of the studies. Further details are given by Courts (1995; in 
press). 

Diet composition in both the wild and captivity is largely governed by the 
availability of different foods, which cannot always be predicted. The zoo feed 
consists of chopped fruit and vegetables, plus manufactured primate pellets 
used daily as a reliable and balanced source of nutrients. Feeds are distributed 
at about 1600 h in plastie guttering about 75 em long to reduce monopolization 
of the food by dominant bats. The number of sites is kept about the same as the 
number of bats in the enclosure. The diets of wild Pteropodidae are known to 
be diverse and seasonally variable (see Courts 1999 for a review). Fruit, flow- 
ers, leaves, insects, bark and seeds are consumed in varying proportions 
according to species and season. An important way in which traditional diets 
fed to fruit bats in captivity differ from their diets in the wild, is the large variety 
of food types presented in a single feed. The nutritional intake of each bat may 
be highly variable, as it is influenced by individual preferences and the ease of 
access to food depending on social status. In the wild a colony feeds on food 
sources available to them according to season. There is consequentlv much 
less choice of food type during a night's feeding. 


2. Methods and results 


2.1 Study 1 — Feeding behavior 


Scan sampling of activity at 13 feeding sites using 1.5 min scan intervals 
(determined to be appropriate after pilot studies), was used to monitor amount 
of time spent feeding by a group of 11 bats. The 20 scans in each of ten 30-min 
periods gave a total of 200 samples per site. The percentage of sean samples in 
which feeding was recorded varied from 12 % to 60 %, as shown in Figure 1. 
These levels appeared to be influenced by the origin (i.e., wild caught or captive 
born) and social status of the individuals. After the four captive-born bats (C, 
5, A and M), the two most dominant males of the group (W and D) spent the 
greatest amount of time feeding, followed by the two adult females (J and K) 
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Captive-born 


Percentage of scan samples 


Individual 


Fig. 1. Percentage of scans spent feeding by individual bats. The black bars repre- 
sent females and the grey bars males 


and the other three males, in accordance with their social status. i.e.. the least 
time spent feeding was by the most subordinate. The summarized body weight 
data in Table 1 support this, as wild-caught bats are much less susceptible to 
weight gain than those which were born and then developed in captivity. Al- 
though the wild-caught bats have significantly increased in mass since capture. 
their weights appear far more stable, with a relatively low degree of variability. 
compared to the captive-born ones. From the available data. no significant dif- 
ference was recorded between the weights of male and female bats. either wild 
caught or captive born. Unfortunately comparisons between the weights of bats 
at similar ages was not possible. Wild-caught bats could not be accurately 
aged, and regular weighing of captive bats was not thought appropriate due to 
handling stress. 


Table 1 
Weight differences of wild-caught and captive-born P liringstonii 
using available data for bats involved in the breeding programme 
(M: male, F: female) 


Sample Mean Weight Range 
size weight range size 
At time of capture 17 (10M, 7F) 614g 510-695 g 185g 
Wild caught, captive 14 (10M, 4F) 836 g 660-950 g 290 g 
>1yr 
Captive born > 1 yr 6 (8M, 3F) 997 g 830-1535g 705 g 
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2.2 Study 2 - Diet evaluation. 


Feed components were weighed over a 10-day period and leftover food was col- 
lected the following day (details in Courts, in press). Nutritional breakdowns 
were calculated using published data. The correlation between amounts left 
over and the proportion of vegetables in the feed was tested (vegetables were 
known from observations to be less liked than fruit). 

The mean food weight given per bat was 341 g (range 294—400 g) and the 
mean proportion left over was 11%. A mean of 13 different food types was fed 
each day (range 10-19). There was a significant correlation between weight of 
leftovers and proportion of vegetables given (RS = 0.45, n = 18, P < 0.05). 
There was also a large variation in both the frequency and amounts of different 
food types given. For example, apples, kiwi fruit, melon and cucumber were 
given every day and the weight of apple used varied from 2-28.5 % of the total 
feed. Other items such as sweet potato and banana were onlv given once during 
the 10 study days. The foods given most often and in the greatest quantities 
tended to be those most readily available, for example, apple and pear. In the 
absence of sufficient information on the nutritional requirements of fruit bats, 
extensive changes to the diet composition could not reliably be made. 
partieularly as the bats generally appeared healthy (albeit with some over- 
weight ones). This study provided an assessment of the diet being given to the 
bats at the time, as well as indicating a baseline level of nutrients, which would 
allow comparisons to be made with any modified diets. Therefore. the following 
recommendations are not based on the results of this studv per se, but are 
intuitive suggestions made according to what is known about wild fruit bat 
behavior, and how it is affected by captive conditions: 


1. Food distribution and presentation should focus on encouraging all bats to 
forage more, thus reducing consumption by certain individuals and 
increasing activity; 

2. The impact of individual preferences/dominance on nutrient intake should 
be reduced by decreasing the daily number of food types to only four or 
five; 

9. Celery should be exeluded, as very little of it is eaten, and high energy 
foods such as banana and avocado should be given only once a week; and 


4. Appropriate combinations of foods for daily and weekly use should be 
determined by using the available nutritional requirement estimates. 


2:3 Study 3 - Diet modification 
There were three main aims to this studv: 1) to decrease the number of food 


types given daily and balance the diet over a weekly period retaining nutrition- 
al balance; 2) to ensure the new daily diet contained adequate levels of the main 
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nutritional constituents by combining the appropriate food items: and 3) to as- 
sess (he palatability of food types by analvzing leftovers. Methods were similar 
to study 2, with more detailed sorting of leftovers for 14 days. 

The differential moisture loss of food tvpes was not correeted for in this 
study, nor was the fact that some foods have a greater inedible portion than oth- 
ers. There were limitations presented bv the practicalities of the project. For 
example, the leftovers were sorted in water (which made the process easier, as 
apples float and pears do not). The amounts of leftover foods were relative to 
the amounts presented, not absolute amounts. 

The results showed that more food was left over than in Study 2, a mean of 
25.7 % (range 10.7—41.8 %). The least preferred foods were acid fruits - orange, 
pineapple, kiwi fruit and apple, whereas the most preferred fruits were softer, 
less acidic fruits such as banana, pear, melon and mango. Variation in dailv 
consumption of certain food types appeared linked to the preferences of other 
foods given, for example, carrot with pear. 

The nutrient compositions of the original and modified diets are compared 
with estimations of required nutrient levels in Table 2. Although the overall 
composition of the diet remained largely unchanged, as no health problems 
have as yet been identified, a few suggestions were made for further modifving 
the diet in the future should it be deemed necessary. 

The diet was finally altered in accordance with palatability, spreading the 
more and least preferred items more evenly throughout the week, based on a 
decreased dailv food weight of 300g per bat to reduce wastage and discourage 
overeating (Table 3). 


3: Discussion 
3.1 Feeding behavior 


The development of feeding regimes for captive animals is not an accurate 
process. Intake levels may vary with origin, age, dominance and reproductive 
status, and are difficult to quantify. In the wild animals do not eat more than 
they require, but captive animals do and they may become obese. Groups of an- 
imals in captivity are often given excess food to make sure that young and sub- 
ordinate animals get enough (e.g., Allan and Oftedal 1996). However, those with 
unrestricted access to food tend to become overweight. 


3.2 Individual preferences and seasonal variation 
The overfeeding of heterogeneous diets and dominance hierarchy are now rec- 
ognized as important factors influencing the nutritional intake of captive wild- 


life (Robbins 1993). This may result in dietary deficiencies, which arise due to 
food preferences in some individuals. Dominant bats are also likely to monop- 
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Table 2 
Comparison of nutrient levels present in the original and newly 
formulated diets with the estimated requirement range for 
Megachiroptera (1) where possible and other mammals (2). 


Nutrient Estimated Level in Level in Units Refer- Comments 
requirement original diet new diet II ence 

Protein 2-15 9.9 11.6 % dm 1 Satisfactory level 

Fat 5-9 3.8 4.7 90 dm i Low, but good for 
dieting 

Calcium 0.5-1 0.35 0.35 90 dm 1 Rather low, supple- 
ment 

Phosphorus 0.4-0.9 0.40 0.42 90 dm 1 Satisfactory level 

Ca:P 1:1-2:1 Vena 1:1.2 1 Better with increased 
Ca 

Potassium 0.1-0.8 1.23 0.93 % dm D Satisfactory level 

Sodium 0.05-0.13 0.13 0.11 % dm 2 Satisfactory level 

Chloride 0.04-0.2 0.11 0.12 % dm 2 Satisfactory level 

Iron 40-100 116 136 ppm d m 2 A little high, but OK' 

Zine 40-90 393 237 ppm dm 2 Rather high? 

Copper 5-10 9.82 11.4 ppm dm 2 Satisfactory level 

Manganese 10-40 39.5 41.2 ppmdm 2 Satisfactory level 

Selenium 0.05-0.3 0.006 0.01 ppm d m 2 Rather low, perhaps 
supplement 

Vitamin A 4.0-14 59.4 75.5 IU.g! dm 1 Too high, perhaps 
cut carrot 

Vitamin D 0.2-2.0 0.77 1.02 IU.g! dm 1 Satisfactory level, 

Vitamin E 11-56 70.0 83.2 mgkg!dm 1 Satisfactory level, but 
may be low ^ 

Vitamin K 2.0-5.0 0.87 1.01 mg.kg! dm 2 Ubiquitous in foods!" 

Thiamine 0.5-5.0 89.1 354  mgkg!dm 2  Veryhigh*? 

Vitamin C 100-200 1877 1308 mg.kg! dm 2 Very high, but not 
made by bats 

Choline 200-2000 390 512 mg.kg! dm 2 Satisfactory level 


1= American Zoo and Aquarium Association Bat Taxon Advisory Group 
1995; 2 = Allen and Oftedal 1996. 

t. The various iron compounds have differential absorption, therefore as the 
proportions of these in the diets are not known a proper assessment cannot 
be made. 

+. Kiwi fruit is very high in Zn. Although unknown for kiwifruit, foods high in 
zinc are often also high in phytate, which greatly reduces absorption. There- 
fore levels may not be too high. 
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**. Depletion of this vitamin occurs during storage e.g. fresh kiwifruit contains 


ir 
t. 


11.2mg.kg-1 vitamin E and following storage none was detected (USDA 
1996). A higher range is given for the requirements of other mammals in 
Allen and Oftedal 1996 , about 20-120 mg. kg-1. It is a non-toxic vitamin, and 
can be over-supplemented without harmful effects. Fresh leafy forage would 
provide a reliable source. 

Vitamin K has not been included in the nutritional composition of foods in 
the USDA Database, but is known to be widely found in foods. 

As with most B vitamins, thiamine can be supplemented to over 1000 times 
the requirement level without toxic effects. Sweet potato leaves contain an 
anti-thiamine compounds, so if used regularly as forage, may need to take 
this into account. 


"" Also destroyed in storage, and considered one of least toxic vitamins, there- 


fore thought aeceptable level. 


Table 3 
New diet, taking into account preferences and reducing 
daily quantity per bat to 300g 


1 per bat 2 perbat 3 perbat 4 per bat 

apple 100g melon 100g apple 100g pear 110g 

tomato 60g pear 80g melon 1008 season“ 70g 

plum 70g sweet 50g eucum- 40g cauli- 60 g 
corn ber flower 


banana 30g orange 30g grapes 40g pineapple 40g 


egg 20g mango 20g pellets 20g pellets 20 g 
pellets 20g pellets 20g 
5 per bat 6 perbat 7 per bat 
pear 120g apple 120g apple 120 g 
kiwi 100g pear 120g carrot o0g 
carrot! 40g avocado 20g cucum- 40g 
ber 


papaya 20g grapes 20g tomato 40g 
pellets 20g pellets 20g banana 30 g 


te 


pellets 20g 


Available seasonal fruit to be used e.g., pomegranate, peach, nectarine. 
or sweet potato (cooked) 
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olize feeding sites, partieularly in the first part of the night, and are conse- 
quently expected to have a greater choice of food items. Indeed when the 
preferred pieces in one dish have been depleted, they can move more easily to 
another one. 

When selecting food captive bats are forced to make very different choices 
from those that they have evolved to make in the wild. This inability of captive 
animals to make nutritionally sound dietary choices is likely to be the result of 
their environment lacking the complex and seasonal food sources which exist 
in the wild (Oftedal and Allan 1996). It is to be expected that the amount and 
perhaps even types of food eaten by captive bats would be influenced by sea- 
son, both because of temperature and reproductive state. This would be inter- 
esting to investigate in the future, so that appropriate seasonal adjustments 
could be made to captive diets. 


3.3 Nutritional requirements 


So far there does not appear to be any conelusive evidence that bats are 
significantly different from other mammals in their general nutritional needs. 
Rasweiler (1977) recommended that bats in captivity should be provided with 
nutrients in the quantities known to be required for the health and repro- 
duction of other mammals. However, it is highly likely that bats differ in their 
requirements, not onlv from other mammals. but also between species, as 
dietary diversity within the order Chiroptera, and even within the family 
Pteropodidae is very high. Nutritional comparisons were made using data 
from the USDA (1996) database and proposed requirements were established 
using specific bat data where available (Fascione 1995) and other mammal 
data (Allen and Oftedal 1996). 


3.4 Recommendations 


With only limited information on fruit bat nutritional requirements and food 
composition, a definitive diet content could not be proposed. The following are 
suggestions relevant to the nutritional management of Livingstone's fruit bats, 
but whieh would also likelv be applicable to other captive fruit bats: 1) Monitor 
general consumption levels and enclosure temperatures; 2) Inerease the 
number of feeding sites but put less food at each site: 3) Continue regular feed- 
ing of forage and investigate acceptance of different types (Masefield 1999); 
4) Develop new enrichment devices; 5) Install more outside lights to attract in- 
sects in summer (Courts 1997); 6) Evaluate individual preferences; 7) Design 
summer feeding platforms to encourage the bats to flv and reach food; S) Con- 
tinue to monitor feeding behavior in relation to dominance and territoriality: 
and 9) Inerease the level of ealeium in the diet. 
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Owing to the paucity of information on the feeding habits of this species and 
indeed on a majority of megabats in the wild, nutritional studies of captive bats 
should contribute to the conservation and successful captive management of 
fruit bats at Jersey Zoo and at other institutions in the future. 
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Primate nutrition: towards an 
integrated approach. 


Abstract 


This paper intends to assess the status of primate nutrition in 
European 2005 and provides suggestions on how to improve the 
situation. It refers to a study that analysed around 200 diets (plans) 
used for 50 primate species in 26 genera with reference to foodstuffs 
and nutrients. The results revealed that primates in zoos are often 
fed without reference to generally accepted, science-based stand- 
ards. Considerable differences were found between diets for the 
same species in different zoos. Diets for different species within a 
200, however, tend to be rather similar. It is suggested that a more 
systematic approach towards primate nutrition and more 
co-operation are required. Feeding is regarded as a compler 
functional system, which includes a number of physiological and 
heharioural subsystems. The derelopment of appropriate concepts 
for primate nutrition must start at this point. Food intake in 
primates is influenced by ecological, indiridnal, and, in particular, 
social factors. Primate nutrition should integrate data from the 
relevant biological disciplines and apply this to all aspects of the 
captive situation of a primate species. 


Keywords 


Primate nutrition, feeding ecology. diets, requirements 


ite Introduction 


"Primate Nutrition” at an applied levei in Europe refers te more than 20.000 
primates from about Xm species and subspecies. Kept in more than sat instit- 


91 


W. Kaumanns, K. Hampe, Chr. Schwitzer, D. Stahl 


tions (Wilde et al. 1994). About 85 % of the primates are kept in zoos, while 15 % 
are in research institutions. 

The latter tend to keep a small spectrum of species only, as there are mainly 
Rhesus macaques (Macaca mulatta), Crab-eating macaques (Macaca fascic- 
ularis), Baboons (Papio spp.), Squirrel monkeys (Saimiri spp.), Night mon- 
keys (Aotus trivirgatus) and Common marmosets (Callithrix jacchus). 
Research institutions often feed a rather standardised diet, which usually 
includes a large proportion of commercially available pellets. 

Contrary to this, zoos rely on non-standardised diets comprising fruits. 
vegetables, insects, and various gruels. The diets usually are designed histori- 
callv within a facility, and may be often a result of trial and error. 

Since the diets and feeding schedules in many institutions are not suffi- 
ciently documented, detailed information is rarely available. 


2. Primate nutrition in zoos — the present situation 


To get at least a rough idea about the range and spectrum of diets fed to various 
primate species in zoos we carried out an evaluation of about 200 diets which 
were used for a total of 50 primate species in 26 genera. The diets and other 
data were obtained from 25 European zoos (see Hampe 1999). 

The diets were analysed with regard to food composition and nutrients 
using the software “Animal Nutritionist” (Version 2.5; N-Squared Inc. & 
Durango Software, USA). 

Here, only selected results of the study are shown (for details see Hampe 
1999). 

Diets typically comprise a more or less large number of different foodstuffs. 
No species or colony in the sample is fed on pellets exclusively. Throughout the 
study, in total, more than 300 different foodstuffs are used. Thev can be catego- 
rised into 16 classes: fruits; vegetables; cereals/producets: nuts; milk/produets: 
meat/products; egg/produets; fish/products: insects; fat and oil: honey, sugar 
and sweets; juices; water; commercial products (e.g. primate pellets, bird pel- 
lets); supplements (e.g. vitamins and minerals); and others (e.g. soils, various 
seeds etc.) (see Fig. 1). 

With reference to foodstuff and nutrient composition, the diets differ con- 
siderably, which is to be expected when diets for different primate genera are 
compared. However, this is also the case within taxonomic units such as genera 
or species. As an example, a comparison of diets used for different colonies of 
squirrel monkeys is shown here (tables 1 and 2). 

In some diets, the known glucose intolerance of squirrel monkeys and the 
need for a large quantity of folie acid (see Rosenblum & Coe 1985) seem to be 
ignored, thus supporting the assumption that the breeding problems in the 
captive population of this genus are partlv due to inadequate diets (Vermeer 
1999). 
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Fig. 1. Number of different foodstuffs in 16 food classes. 


Fruits and vegetables are used as basic food for captive primates. In about 
75% of the diets we analysed they constituted minimally 50% of as fed 
amounts offered. 

Whereas the proportion of fruits and vegetables tends to be rather similar 
for most diets of the sample, other food categories such as cereals/products, 
milk/products, nuts, or prefabricated commercial food are used much more 
variably. Important differences in diet composition also result from the use of 
insects and meat (see Table 1). The spectrum of insects used is very small (four 
species). Mealworms are provided most frequently, and locusts are also a com- 
monly offered food. 

The picture becomes even more heterogeneous when supplementation by 
vitamins, minerals or protein is being analysed. Some colony managers do not 
add anything at all, while others supplement their diets with vitamins or min- 
erals in quantities which are 100 to 1000 times higher than recommended (see 
figure 3 for vitamin C example). 

Differences in diet composition tend to be small between diets for different 
primate species within one particular zoo and larger between diets used in dif- 
ferent institutions for one partieular primate species (see Hampe 1999 for 
details). Obviously, diets in many cases are designed without much reference 
to species-specific needs. 

Our study does not have quantitative information about how often, and in 
which manner food is offered. It seems to be common practice to feed twice a 
day and to offer pellets and gruels as a first meal in the morning. This is sup- 
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Table 1 
Composition (% as fed) of seven diets for Saimiri 
in terms of food categories. 


Food category D26 D27 D28 D29 D30 D31 D32 
Egg and egg products — — — 3.7 — 9.6 1.4 
Commercial products 60 195 495 — 3.0 153 28.0 
Fat and oil — — — — 0.1 — — 
Fish and fish products — — — — — — — 
Meat and meat products — — -— — 0.2 22 — 
Vegetables 24.6 0.9 6.8 "609 27.0 11.7 255 
Juices 0.3 — — — — — — 
Cereals and cereal 0.9 3.5 26.8 12 al 8.9 6.0 
products 

Honey, sugar and sweets — — — — — -— — 
Insects 1.7 — — 0.1 — — — 
Milk and milk products 4.3 0.1 5.7 0.2 0.9 
Fruits 61.2 760 151 269 289 515 37.3 
Nuts — — — — 0.4 — — 
Water (in food mixtures) — — — — 23.2 — — 
Other — — — 0.1 0.7 4.4 — 
Supplements 1.1 0.2 1.8 — 0.3 0.2 — 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Table 2 


Concentration of energy and different nutrients in seven diets (dry 
matter) for Saimiri. VB = range; MV = mean value; SD = standard 
deviation; VK — variation coefficient [SD * 100 / MV] 


D26 D27 D28 D29 D30 D31 D32/| VB MV SD VK 


Energy [kcal/mg] 


Crude fibre [9o] 10.7 


Crude ash [9^] 4.1 
Crude fat [%] 6.5 
Folic acid [%] 4.3 


6.8 
3.4 
6.1 
1.8 


3.0 32 3.5 


4.2 
3.8 
4.1 
4.8 


1.4 


5.8 
6.7 
22 
4.3 
0.7 


Dui 


oo 0.0 | a od Ver 
Carbohydrates [90] | — 49.9 56.0 18.4 30.1 53.0 45.1|37.7 42.1 14.8 35.1 
Crude protein [7o] 18.5 10.1 19.5 


9:4 13.1 14:6|13:7 13:0 


5.0 
2.0 
9.6 
0.6 


45 9 
3.5 44 
9,8. Mel 
24 1.5 


6.5 
2.5 
1.0 
4.2 


6.9 
3.3 
6.2 
2.9 


5.0 38.2 
2.5 36.3 
0.3 28.1 
2.3 37.6 
0028 
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Fig. 2. Percentage of fruits and vegetables in the diets for four different primate 
genera. n = number of diets analysed 


posed to make sure that foods are consumed which provide a large spectrum of 
essential nutrients and supplements. 

'The amount of food offered per individual differs considerably within a par- 
tieular primate species between different zoos and even within a single zoo. For 
(group-living) macaques e.g. the mean amount of food provided per animal 
ranges from about 300 to 1700 g (see Table 3) and for Squirrel monkeys from 
100 to 500 g. 

Judging from the few cases, in which we know about both the amount of 
food offered and the amount of food really consumed, it seems to be typical that 
fruits and vegetables are not completely eaten, whereas everything else, except 
for pellets, tends to be consumed without leftovers. This pattern, however, may 
result from the "feeding policy" to offer a little bit more produce than what is 
assumed to be necessary. 

Individual (“actual”) food intake in most primate colonies is not controlled 
directly. To ensure that each group member is able to get an appropriate pro- 
portion of a meal, food usually is widely distributed over the enclosure. Fur- 
thermore, the quantity of food offered is calculated such, that hierarchy-related 
differences in access to food are controlled. Additionally, the use of bedding 
materials or natural ground in the enclosures is propagated, because it can 
make access to food more difficult and unpredictable, thus reducing the likeli- 
hood of monopolisation of food by a few group members. 
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Fig.3. Concentration of Vitamin C [mg/kg dry matter] in different diets for 
Macaca. (NRC recommendation = 100 mg/kg dry matter) 


It is not known for how long the zoos in our sample have been or are using 
the diet defined. It is also not known whether seasonal ehanges in foraging and 
food intake. as known from field studies in a number of primate species (e.g. 
Boinski 1987 for Saimiri oerstedi; Morland 1991 for Tareeia v. variegata: 
Wallis et al. 1995 for Pan troglodytes), have been considered. It is likely that a 
certain degree of “feeding seasonality” in zoos simply results from seasonal 
changes on the food market with regard to the availability of certain food-types 
and, in particular, with regard to food prices. 

The overall impression from our study is that captive primates in Europe 
are not usually fed according to generally accepted, scientifically-based stand- 
ards, neither in terms of foodstuffs, nor in terms of diet composition nor 
amount of food, particularly with reference to species-speeilie needs. This is 
not surprising, since data on nutrient and energy requirements for non-human 
primates are very scarce, especially those based on well defined experiments 
(Knapka et al. 1995). The most frequently used reference values are the NRC 
recommendations (National Research Council 1978), which have been derived 
from studies on a few laboratory-housed Rhesus macaques and Capuchin mon- 
keys (Cebus spp.). and. according to Crissey & Pribyl (1997), require updating. 
An overview on NRC- and other recommendations is provided by Oftedal & 
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Table 3 
Amount of food offered per individual (mean value) in different colonies 
of the genus Macaca. AF = as fed; DM = dry matter; Dxx refers to a diet 
used for one particular colony. 


Diet Species Weight AF [g] Weight DM [g] 
Dog Macaca arctoides 574.30 133.90 
Dog Macaca arctoides/fuscata 1051.00 143.20 
D4o9 Macaca mulatta 286.30 143.40 
Dio, Macaca mulatta 1693.00 249.10 
Dio2 Macaca mulatta 449.10 95.54 
Dio Macaca mulatta 922.80 274.30 
Dio Macaca nigra 1067.00 260.20 
Dio; Macaca silenus 518.50 230.50 
Diog Macaca silenus 998.02 161.20 
Diọ7 Macaca silenus 820.10 164.80 
Diog Macaca silenus 719.20 275.80 


Allen (1996). A review on studies providing information about wild foraging 
ecology of primates, with special emphasis on folivory and inseetivory, has been 
compiled by Crissey & Pribyl (1997). These data are of special use for establish- 
ing species-specific feeding recommendations. 

To assess the present situation of "primate nutrition" in terms of range and 
spectrum of diets offered to captive primates is difficult enough. Even more dif- 
ficult, however, would be to analyse the status on the level of diets consumed 
(aetual food intake), since the latter in most eases is, as mentioned before, nei- 
ther known nor controllable. In a few cases only, behavioural or other studies, 
sometimes as a by-product, provide data about individual food consumption 
(Neitzke 1990; Fiege 1991; Weber 1991; Benning 1992; Sehultze 1992; Zinner 
1992; Tennemann 1992; Schönmann 1992; Kerscher & Kaumanns 1995; Penz 
1996; Stahl 1998; Schwitzer 1999). 

To control food intake is more difficult in rich and diversified environments 
than in monotonous ones. Difficulties therefore arise when feeding schedules 
explicitly are used to provide enrichment and to stimulate more of a species 
behavioural repertoire (for the use of feeding-enrichment see Copenhagen Zoo 
1990; Ruempler 1992; Dickie 1994; Reinhardt & Seelig 1998). 

There are no comprehensive studies available to assess the quality of diets 
and feeding schedules actually used with reference to their effeets on physical 
health, reproduction, or behaviour. The fact that colonies of many primate spe- 
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cies are kept over many years without obvious nutrition-related health prob- 
lems indicates that at least the basic nutritional needs of the animals are met. 
Health problems in primates, clearly resulting from inappropriate nutrition, 
are rarely reported and often concern "specialists" like leaf-eaters (e.g. Ruem- 
pler 1991 for Douc langurs, Pygathrix n. nemaeus; see also Hollihn 1973; Cris- 
sev & Pribyl 1997). Identifying nutrition-related health problems and other 
undesirable consequences of inappropriate feeding often maybe difficult 
because they become obvious over long periods of time only: The longer a pri- 
mate's life-span, the more difficult it becomes to control factors other than food. 
An example for long-term effects is provided by Spelman et al. (1989), who 
relate cases of hemosiderosis in lemurs to long-term overdosing of iron and 
aseorbate in the diets (see also Dorrestein et al, this volume). Long-term 
effects of inappropriate feeding schedules might be a much more serious prob- 
lem for the captive propagation of primates than considered so far. A growing 
number of obese individuals and a tendency to early reproduction in the cap- 
tive populations of macaques and baboons for instance, as well as an increase 
in litter size in captive callitrichids and lemurs, as reported by colony manag- 
ers and breeding program co-ordinators, might be long-term consequences of 
"superoptimal" diets (see Jaquish et al. 1996, but see Rothe et al. 1987). Since 
these phenomena influence the reproductive output. the mortality rates, and 
thus also the demography and the genetic structure of a population. thev 
should be regarded as indicators of possibly undesirable "ongoing selection”, 
for instance towards domestication. 


3. Dimensions of primate nutrition 


It is evident that the “state of the art" in primate nutrition is unsatisfactory. 
Much work is still necessary to establish an appropriate, science-based body of 
knowledge. The latter should refer to data from laboratorv-based studies. as 
well as from studies on feeding and foraging in wild primates. The importance 
of utilising wild foraging ecology information for formulating appropriate diets 
in captivity recently has been emphasised by Crissev & Pribyl (1997). 

An important first step to improve primate nutrition in captivity would be 
to exchange already existing practical know-how between zoos and other insti- 
tutions on a broader level. But exchange of know-how only makes sense when 
it refers to solid data, and solid data can only be gained via a systematic 
approach to feeding: Colony managers need to exactly know the composition of 
the diets they use and, if possible, thev should have information about actual 
food intake per individual. 

Improving nutrition in eaptive primates, however, requires more than 
developing and providing an appropriate diet in terms of nutrients and supple- 
ments only. “Feeding” is just one aspect of a complex functional system, which 
includes a number of physiologieal and behavioural subsvstems and mecha- 
nisms evolved with reference to optimal use of (usually limited) food resources. 
It is evident, therefore, that a more comprehensive approach is required. 
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Whether or not a free-ranging primate can optimise food intake depends on 
the animal's nutritional needs, on the quality and quantity of food available and 
on its distribution in space and time, on other ecological constraints (e.g. pred- 
ators), and on the presence and the activities of (competing) con-specifies. Usu- 
ally all or most of these factors need to be controlled simultaneously. Figure 4 
gives an idea of the “dimensions” of feeding and foraging. 

Whether or not feeding in captive primates can be optimised has to be 
regarded in the same dimensional framework. It is obvious, therefore, that the 
"field of reference" for the optimisation of primate nutrition is the keeping svs- 
tem as a whole, with specific emphasis on social factors and the long-term 
nutritional status of the corresponding captive primate population. 
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Fig. 4. “Dimensions” of foraging and food intake: The feeding ecology of primates. 


Access to food and food intake depend on quality, quantity and distribution 
of the food itself (upper right side of figure 4). Primate species occupy numer- 
ous niches which can differ in terms of these parameters (see Chapman & 
Chapman 1990). In order to optimise food intake, primates spend much of their 
time finding, processing, consuming and digesting a large variety of food (Boyd 
& Silk 1997; see also Whitten 1988). The chosen food must meet the animal's 
energetie and nutritious needs and minimise exposure to dangerous toxins 
(e.g. secondary plant compounds such as alkaloids or tannins [see Ganzhorn 
1988]). 
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Looking at the individual primate (upper left side of figure 4), there are sev- 
eral aspects determining foraging and food intake which have to be taken into 
account when feeding systems for captive primates are designed. One of these 
aspects is the animal's sex. In wild Chimpanzees (Pan troglodytes), Hunt 
(1993) found that females consumed a diet higher in protein. but also higher in 
secondary compounds and indigestible fibre than the males' diet (see also Wal- 
lis et al. 1995). In a study conducted by Rose (1994), wild female White-fronted 
eapuchins (Cebus capucinus) exploited more small and embedded inverte- 
brates, while males ate more large invertebrates and vertebrate prey. Other 
primate species, for which sex differences in foraging behaviour and diet com- 
position were found, include Patas monkeys (Lrythrocebus patas; Chism & 
Wood 1996), Squirrel monkeys (Saimiri oerstedi; Boinski 1957). Ring-tailed 
lemurs (Lemur catta; Sauther 1995) and Diademed sifakas (Propithecus dia- 
dema edwardsi; Hemingway 1995). 

Another determinant of an individual's food intake is age. whieh might 
influence preferences for certain food tvpes as well as the amount of food 
eaten. Mori (1995), who provided soy beans to a wild group of Japanese 
macaques (Macaca fuscata), found that the number of beans consumed per 
minute (feeding speed), plotted against time, was different for the six age 
classes. The oldest animals showed the highest peaks in feeding speed under 
all three different feeding conditions. 

Bodv size (weight) also determines foraging and food intake. In general. 
across species, the quality of the diet and the use of animal (ineluding insect) 
prey seems to decrease as body size inereases (Ford & Davis 1992: for further 
studies see there). Cords (1986) has shown that not only were Red-tailed gue- 
nons (Cercopithecus ascanius) more insectivorous and less folivorous than 
the larger Blue monkeys (Cercopithecus mitis). but that also, within species, 
smaller individuals (e.g. adult females and juveniles) ate more insects and 
fewer leaves than larger individuals (e.g. adult males). 

Other faetors that ean influence food intake are health and reproductive 
status of an animal. Sick animals will usually eat less food than healthy individ- 
uals, and pregnant females will eat more than non-pregnant females (see for 
example Sauther 1990). 

Also important are morphological and physiological traits like gut-struc- 
ture and dentition. Among the new-world monkevs of Amazonia for example, 
the small intestine predominates in the smaller, more faunivorous species, 
while the caecum and colon (primitive mid-gut) are larger in the larger, more 
folivorous species (see Chivers et al. 1986; for a model see MeNeill Alexander 
1994). Within the genus Callithrir, species which show high frequencies of 
exudate feeding tend to have smaller molars than non-exudate feeders (John- 
son 1998; see also Natori & Shigehara 1992; Garber 1989; Sheine 1980). 

Motivational systems linked to food intake, like hunger or satiation, are 
poorly understood in non-human primates so far. Mori (1995) discusses satia- 
tion patterns in Macaca fuscata with reference to the amount of food con- 
sumed and differences in intake capacity between young and adult individuals. 
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In his study, young animals seemed to reach their intake capacity after having 
fed on a relatively small amount of food, whereas the limit of the food intake 
capacity did not become evident for the adult animals. 

Among vertebrates, primates show the greatest diversity of social organi- 
sations of all known orders (Jolly 1985). In the evolution of social systems in 
primates, food competition within and between groups is regarded as a key ele- 
ment (Wrangham 1980; van Schaik 1989; Sterck et al. 1997). Access to food is 
influenced by social relationships between and within groups (upper middle 
part of figure 4). They can be regulated by hierarchical structures, which can 
be of a more egalitarian (e.g. in Spectacled langurs [Presbytis obscura; Ker- 
scher & Kaumanns 1993]) or of a more despotic type (e.g. in Rhesus macaques 
[Macaca mulatta; Deutsch & Lee 1991]; see Vehreneamp 1983: de Waal 1989). 
Dominant animals (in primates usually the males). however, will not always get 
the most food. A study in captive mangabeys (Stahl 1998) showed that. 
although males were completely dominant over females and stayed longest at 
a restricted food resource, they were not the most successful with reference to 
amount of food consumed in relation to their needs. As a reason for this pat- 
tern, the author suggested a male-male competition for females. Primates ean 
develop strategies to overcome limitations resulting from dominance struc- 
tures. This was shown for example by Penz (1996) for Mandrills (Mandrillus 
sphinx) at Budapest Zoo. Non-adult animals, after having obtained a food item, 
climbed up weak parts of trees onto which the large dominant male was unable 
to follow and consumed the food without being disturbed. 


4. An integrated approach 


To cope with problems that make it difficult to get food is an important part of 
a primate's everyday life. For instance, food which provides enough energy or 
protein may be temporarily searce and access to it may be difficult because of 
competition among group-mates. Solutions to these problems ideally should al- 
low the animal to reach a balance between “costs and benefits”, that is, energy 
spent should equal energy gained (lower part of figure 4). This would improve 
chances of survival and contribute to the maximisation of reproductive suc- 
cess. A primate can optimise food intake in this sense, if nutritional needs and 
foraging skills, on one side, and the availability of food resources, on the other 
side, are balanced. This is most likely to be the case in a primate's natural en- 
vironment, to which it is adapted. It may be more difficult to achieve, however, 
in a disturbed habitat or under the artificial conditions of captivity. 

Primates are adapted to solve foraging problems. Solving these problems 
may be "expensive" in terms of energy expenditure, but may contribute to an 
optimal regulation of food intake. Living conditions which provide "problem- 
free" access to food, thus, may hinder an animal to appropriately regulate its 
food intake. A primate species which, for instance, is adapted to compete for 
food in large groups may eat too much when kept in small groups without 
enough competition. A tendency to maximise energy intake - adaptive under 
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conditions where food rich in energy is difficult to get — might lead to obesity 
under "superoptimal" conditions (see Schwitzer & Kaumanns [this volume]). 
Besides establishing appropriate diets, primate nutrition has to address 
husbandry methods which provide optimal feeding conditions. A nutritionist 
then has to deal with phenomena and approaches investigated by physiology, 
neurobiology, ethology, ecology, veterinary medicine and other scientific disci- 
plines. Data from these fields contribute to a description of the feeding ecology 
of a species and, therefore, provide the biological basis of primate nutrition. 


5: Conclusions 


To improve the unsatisfactory status of primate nutrition in European facili- 
ties, a more systematic approach and the development of science-based stand- 
ards is required. Primate nutrition should refer to many facters which 
influence food intake. It is necessary to integrate data from various biological 
disciplines and to start from the feeding ecology of a species. 
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Feeding Fussy Folivores: 
Nutrition of Gentle Lemurs 


Abstract 


The genus Hapalemur comprises five currently-recognized tara, 
three of which are critically endangered. They range in size from 
700-2300 g, but most weigh less than 1500 g. All members of this ge- 
nus are specialist feeders on the monocot family Poaceae. The forest 
lemurs Hapalemur g. griseus, H. g. occidentalis, H. aureus aud H. 
simus all spend > 85 % of their feeding time on bamboos, whereas 
the marsh dweller H. g. alaotrensis spends > 95 % of feeding time on 
papyrus, reeds and surface grasses. All are highly selective, choos- 
ing shoots, leaf bases, growing tips and pith. These lemurs can thus 
be classed as highly selective and almost exclusively folivorous, All 
the Hapalemur species are represented in captivity, although most 
(cf. H. g. alaotrensis) only in small numbers. However, folivores are 
generally difficult to maintain in captivity, because plaut material 
is extremely variable in its nutritional composition, and regular 
quantities of appropriate forage may be difficult to obtain. Studies 
of nutrition in both wild and captive Hapalemur indicate that 
these lemurs have a typically folivorous diet containing high pro- 
tein and fiber and relatively low energy. It is unclear how these 
small lemurs can sustain themselves on a completely folivorous 
diet. Constraints of low energy and low fiber digestibility could 
theoretically be met by: reduction in BMR, specializations of the 
digestive tract, and behavioral adaptation. The existence of these 
strategies in Hapalemur is reviewed and recent work from field 
studies on H. g. alaotrensis suggests several implications for cap- 
tive management: e. g., the diet should be high in fiber to maintain 
gut function; pelleted diet should be leaf-eater/folivore rather than 
a primate pellet; large amounts of forage should be provided to al- 
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low the lemurs to be selective; and sufficient quantities of fibrous 
food should be given to allow for nighttime feeding. 


Keywords 


Hapalemur, folivore, nutrition, diet, fiber, 
specialist, conservation 


le Introduction 


The genus Hapalemur, referred to as gentle or bamboo lemurs, comprises a 
relatively poorlv-studied group of small lemurs (700-2400 g) which are all 
specialist feeders on the monocot family Poaceae. There are currently five 
reeognized taxa. three of which are critically endangered Mittermeier et al. 
1994: Table 1). The two largest species are Hapalemur simus and H. anreus 
and the smaller ones are H. griseus grisens and H. n. occidentalis. All these 
lemurs are forest dwellers and specialist bamboo feeders. The other gentle 
lemur. of intermediate weight. A. y. laotrensis, is the exception. in that it is 
found exelusivelv in marsh vegetation round Lake Alaotra [Mutschler and 
Feistner, 1995]. vegetation from which bamboo is absent. 


Table 1: Hapalemur taxa 


Taxon IUCN eonservation status Size 
Hapalemur aureus critically endagered 1,500 g 
Hapalemur simus eritically endagered 2.400 g 
Hapalemur griseus 

griseus low risk 7,00 g 

occidentalis vulnerable 

alaotrensis critically endagered 1,250 g 


All the Fignilerrur dase are represented in captivity. although most 
rexeept H y fnt remiss) oniy in very small numbers (Gauthier 1999). Given 
&eecterating habitet Wesirwerion in Madagascar. the captive lemurs may have 
Ueoreasinety importat poles in the conservation of the various species. How- 
ever small foliveres are generally diffieult to maintain adequately in captivity: 
thes mun De extremely selective feeders: plant material is extremely variable 
la Gs nutettvnal campesitiun.. and regular quantities of appropriate forage 
may be difficult to obtain. 

in (hes peter we Will briefly reriew what we know about folivory in small 
peweees. faew.ing parieubenivy un Hugsilemur, and drawing data from studies 
meth pem wes and eine murs We will be using the Alaotran gentle lemur in 
Dapper es e peetel sinee this is the only ageriemer on which a long-term 
UEM Seay Ges Ier complesed !NMigsehler 10095», We will use this review to 
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assess what implications. if any, recent field studies have for the nutritional 
management of these lemurs in captivity. 


2. Diets of Hapalemur 


First, all Hapalemur are highly specialized feeders on monocts. The forest 
Hapalemur spend up to 90 % of feeding time on a few species of bamboo (Pol- 
lock 1986; Wright 1986; Glander et al. 1989; Overdorff et al. 1997). The Alaotran 
gentle lemur (which we will refer to as the marsh Hapalemur for short) spends 
> 95 % feeding time on papyrus, reeds and grasses — also monocots (Mutschler. 
in press). Dietary diversity in the genus is generally low. but exceptionally so in 
the marsh Hapalemur, for which only four plant species make up nearly all 
feeding observations (Table 2). Most Hapalemur have also been reported to in- 
gest small quantities of soil. 


Table 2 
Major dietary items of Hapalemur griseus alaotrensis 


(> 95 % feeding time ) 


Plant - Family Plant part 
Phragmites communis Poaceae shoots = 
Cyperus madagascariensis | Cyperaceae pith 

Cyperus madagascariensis | Cyperaceae leaves 

Echinochloa erusgalli Poaceae stems 


Leersia hexandra Poaceae stems 


91 % diurnal, 9 % nocturnal 


All Hapalemur are also extremely selective, choosing young, soft plant 
parts (shoots, young leaves, pith). At Ranomafana where /7. simus, H. aureus 
and H.g.gríseus are sympatric, all feeding preferentially on bamboo, they 
were reported to select different species or plant parts. For example. /7. sims 
eats the mature culms of one bamboo (Cephalostachyum riguieri) whereas 
H. aureus eats the growing tips and leaf bases of the same plant. //. g. grisens 
selects the growing tips and leaf bases of a different bamboo species (C. perri- 
eri) (Meier and Rumpler 1987; Wright et al. 1957; Glander et al. 1959; Wright 
and Randriamantena 1989). However, new evidence suggests that separation 
of the feeding niches between the sympatric species is less clear than previ- 
ously assumed (Tan, in press). The marslı lemur also feeds on similar plant 
parts — they also consume growing tips (reed shoots) and extract the pith from 
papyrus stems (Table 2). 

Table 3 shows an analysis of the five main items in the marsh /apalemur 
diet in terms of g per kg dry matter. This breakdown indicates that their diet 
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has a relatively low energy and protein content, and that the acid detergent 
fiber (ADF) content, which is an estimate of indigestible food material, is fairly 
high. 


Table 3 
Nutritional breakdown of five major dietary items 
of wild Hapalemur griseus alaotrensis. 


Component" Mean Range 
Energy MJ 16.7 16.4-18.2 
Crude protein g 149 115-247 
Crude lipid g 14 10-20 
Crude fibre g 262 178-366 
Ash g 113 63-156 
ADF g 338 256-403 


For details of sample analysis see Mutschler, in press. 


Table 4 shows the protein and indigestible fiber (ADF) values for the whole 
diet (all eaten plants) from the only three analyses on wild Hapalemur pub- 
lished to date. It shows that the larger marsh lemur has much lower crude pro- 
lein levels than the smaller forest lemur, but the ADF values are comparable. 


Table 4 
Crude protein and fiber in photosynthetic plant parts 
eaten by wild Zapalemur. 


Species CP ADF CP/ADF Source 

H. g. alaotrensis 131.6 + 56.7 361.3 #672 0.42 = 0.2 Mutschler 
(n = 15) (n = 12) (n = 12) 1999 

H. g. alaotrensis 118.5 + 36.1 968.9 + 11.0" 0.44 Pollock 1986 
(n = 2) (n = 2) (n = 2) 

H. g. griseus 300.1 + 75.1 302.5 + 7.7 1.05 + 0.3 Ganzhorn 
(n = 8) (n = 8) (n = 8) 1988 


ADF = cellulose + lignin 


The protein to fiber ratio is sometimes used as an estimate of food quality, 
although the ratio does not take secondary plant compounds into account. This 
may be an important limitation given that H. aureus daily ingests more than 12 
times the expected lethal dose of cyanide (Glander et al. 1989). The ratio indi- 
cates that marsh lemurs have a lower quality diet than the forest lemurs - i.e. 
they have to ingest far more fiber to obtain protein. 
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However, when these values are compared to those of other primarilv foli- 
vorous primates we get a broader perspective (Table 5). It is elear that although 
the forest Hapalemur have very high erude protein levels, the marsh Hapale- 
mur has average to low protein levels and both Hapalemur have average to 
high fiber levels. These data indicate that the diets of Hupalemur and other 
small-bodied folivorous lemurs do not contain higher protein or lower indigest- 
ible fiber than the diets of much larger primate folivores such as colobus mon- 
keys, leaf monkeys or gorillas. 


Table 5 
Protein and ADF in photosynthetic plant parts eaten by primates (CP = 
crude protein, g/kg dry matter; ADF = acid detergent fiber, g/kg DM). 


Species CP ADF CP/ADF Source 
H. g. alaotrensis 131.6 361.3 0.42 Mutschler 1999 
H. g. alaotrensis 118.5 268 0.44 Pollock 1986 
H. g. griseus 300.1 302.5 1.05 Ganzhorn 1988 
A. l. laniger 165.2 462.5 0.39 Ganzhorn 1988 
A. l. occidentalis 192.2 450.7 0.57 Ganzhorn 1988 
L. edwardsi 167.4 411.7 0.42 Ganzhorn 1988 
L. mustelinus 1421 454.2 0.38 Ganzhorn 1988 
I. indri 139.5 469.8 0.34 Ganzhorn 1988 
C. polykomos 183.5 346.8 0.67 DaSilva 1994 
G. g. gorilla 183.7 289.2 0.61 Rogers et al. 
1990 
3s Problems and solutions to being a small folivore 


Folivorous animals are faced with the problem of getting energy and nutrients 
out of a fibrous diet which contains low levels of readily available energy 
(MeNab 1978; Milton 1984) and may also contain toxie secondary compounds 
(Glander 1982; Ganzhorn and Wright 1994). Such fibrous foods need extensive 
digestion with the assistance of symbiotic microbes for fermentation (to break 
down the B-linked carbohydrate in cell walls). Efficiency of fermentation is 
related to gut capacity and gut passage rate (Parra 1978). Small-bodied foli- 
vores are especially affected by these problems, because they have high 
energetic needs per unit of body mass and relatively small digestive tract 
capacities (Kleiber 1961; Parra 1978; Demment and Van Soest 1985; Martin 
1990). However, since several small folivores (especially lemurs) clearly do 
exist we need ask how they manage on their apparently inadequate diet. This 
is not only of interest from a theoretical perspective but also has important 
applied implications for animal management. 


ld 


A.T.C. Feistner, Th. Mutschler 


There are three ways in which the constraints of being a small folivore 
could be met: 1) reduction in BMR; 2) specializations of the digestive tract; and 
3) behavioral adaptations. 

Reduction of basal metabolic rate reduces energetic demands per unit body 
weight and thus modifies the tolerance for low-energy food (Martin 1990). 
Although reduced resting metabolic rate is known in Lepilemur ruficaudatus 
(Schmid and Ganzhorn 1996), no information on BMR for Hapalemur is avail- 
able. However, all lemurs seem to be hypometabolic (Ross 1992) and it seems 
very likely that Hapalemur will also have a BMR lower than predicted for their 
body weight. 

Because the fiber fraction of the plant material (e.g. cell walls) is digested 
slowly and exclusively by microbial symbionts, folivores need fermentation 
sites within their digestive traets. Enlarged hindguts, mainly the eaecum, have 
been reported in A. griseus (Robert in Fidgett et al. 1996; Fleagle and Wunder- 
lich, in Overdorff et al. 1997) so it seems probable that all Zapalemur, like 
Avahi and Lepilemur, are hindgut fermenters. 

Long gut passage times (GPT) are also required. GPT appears to vary with 
body size in captive Hapalemur. The largest, H. simus, have the shortest GPT 
of —9 h; A. aureus 24h; H. g. alaotrensis 18-254 h and the smallest, A. g. 
griseus upto36 h (Tan 1998; Cabré-Vert and Feistner 1995; Overdorff and Ras- 
mussen 1995). 

Although small folivores may have specialized digestive tracts, theoretical 
considerations (high metabolic requirement to gut capacity ratio) suggest that 
these animals should also have behavioral adaptations to folivory One option 
is to be highly selective for relatively low-fiber foods. In this way the animals 
can gain energy by enzymatic digestion before the digesta reach the fermenta- 
tion site. 

Another option is to ingest large amounts of food (bulk feeding) in order to 
extract sufficient energy and nutrients. Indeed, preliminary results from a 
study quantifying food intake in the marsh Hapalemur seem to provide some 
evidence for bulk feeding in this taxon (Randrianarisoa 1999). 

An animal can reduce energy expenditure, not only on a physiological level 
(through BMR) but also by reducing activity — by becoming an energy mini- 
mizer. This strategy appears to be followed by Lepilemur and Alouatta (Mil- 
ton 1978; Nash 1998; Warren and Crompton 1998). However, although Hapale- 
mur are certainly very selective, they do not show extensive periods of inactiv- 
ity (Mutschler 1999). In fact, because the marsh lemurs are eathemeral 
(Mutschler et al. 1998; Mutschler and Martin, in prep) and feed during both day 
and night hours, they are actually among the most active of primate folivores, 
and clearly not energy minimizers (Mutschler, in press). 

Another behavioral adaptation to folivory is a cathemeral activity pattern. 
Enquist and Richard (1991) argued that because small-bodied folivores have 
difficulty processing foods in bulk, due to their limited gut capacity, adopting a 
cathemeral activity pattern allows them to ingest and process foods continu- 
ously, thus minimizing time in which no food is processed. This does apply to 
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wild marsh Hapalemur, which spend 21 % of daylight hours and 15 % of night 
hours feeding (Mutschler 1998, in press). 

To summarize thus far, Hapalemur rely on a mainly folivorous diet (exelu- 
sively so for marsh Hapalemur), restricted in diversity as well as in energy 
content. Although they are highly selective, nutrient content is not substan- 
tially different from other primate folivore diets. Apart from a specialized 
digestive tract, the only potential adaptation to folivory is a cathemeral activity 
pattern, although this may play a more important role in thermoregulation 
(Mutschler and Martin, in prep.). Other cathemeral lemurs (Euler) are not 
folivores. Other folivorous lemurs (Avahi, Lepilemur) are nocturnal not 
cathemeral. 

This apparent lack of obvious behavioural and physiological adaptations to 
folivory suggests that the digestive ability of the genus Hapalemuyr is higher 
than would be expected from body size. This suggestion is supported by reports 
of a very high ability to digest fiber in Zapalemur griseus griseus (Klein 1991) 
and by experimental evidence from a rodent that hind gut fermentation in small 
mammals can exceed theoretical predictions (Justice and Smith 1992). 


4. Hapalemur in captivity 


What does all this mean for Hapalemur in captivity, where it is often difficult 
to mimie the natural diet and where amounts and quality of forage may be re- 
stricted? 

The diet for captive Hapalemur comprises vegetables, a small amount of 
fruit and a few primate pellets, but the main component is forage, mostly in the 
form of bamboo (Santini-Palka 1994; Beattie and Feistner 1998; Haring and 
Davis 1998). Bamboo is also used with the marsh Hapalemur on the basis that 
it is the main component of the diets of all other Hapalemur and they readily 
accept it (Beattie and Feistner 1998). Like their wild counterparts, captive Ala- 
otran gentle lemurs are also extremely particular in their choice of plant frac- 
tions and are highly selective feeders. New plant growth on bamboo stems 
(leaves or shoots) is selected over mature eulms (stems) and existing leaves 
(Fidgett et al. 1996; Beattie and Feistner 1998). Chemical analyses revealed 
that selected parts contained higher concentrations of erude protein (194-339 
vs. 37 g/kg DM) and lower levels of indigestible fiber (243-109 vs. 575 g/kg DM) 
than mature culms (Fidgett et al. 1996). Locally-growing Phragmites reeds 
were also analyzed as a potential source of forage, both because they are more 
appropriate and because bamboo resources in the zoo are not consistent 
throughout the year. The crude protein and ADF levels in Phragmites shoot 
bases were similar to those of the selected bamboo shoot bases (Fidgett et al. 
1996). When captive H. alaotrensis were housed in a large enclosure of natu- 
ral vegetation thev readily consumed various monocots including reeds. 
grasses and sedges (Beattie 1998; Bellingham 1998). 
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5. Implications for captive management of Hapalemur 


What information can we take from these studies, carried out both on wild and 
captive Hapalemur, to apply to and improve the captive management of these 
critically endangered lemurs? 


1. The diet should be relatively high in fiber to maintain healthy gut function. 
In eaptivity the marsh lemurs choose plant parts which have extremely 
high CP/ADF ratios (e.g., 0.8 in new bamboo leaves, versus 0.06 in mature 
culms) and it may be that too ‘rich’ a diet may have an adverse affect on gut 
funetion (Fidgett et al. 1996). Fecal analyses have shown that in captivity 
feces are lower in fiber but higher in protein than they are in the wild (Fid- 
gett et al. 1996). 


2. Pelleted diet should be leaf-eater/folivore rather than standard Old World 
or New World primate chow, as this is likely to be more appropriate, and 
intake should be limited. 


3. Energy intake should be carefully monitored. Wild Hapalemur diets have 
only relatively moderate energy content and in captivity this genus is prone 
to becoming overweight. 


4. Large amounts of forage should be provided to allow the lemurs to be selec- 
tive, to show appropriate foraging behaviour and to provide bulk. 

5. Sufficient quantities of fibrous food should be given regularly, including 
late in the day, to allow for night-time feeding and bulk feeding and thus 
maintenance of food in the gut at all times. 


6. Conclusions 


The development of research programmes on diet, foraging behavior and time 
budgets that encompass both wild and captive primates can increase biological 
knowledge and improve captive management. For an increasing number of spe- 
cies, of which the Hapalemur are an example, the practical applications of this 
type of linked research program can also have important spin-offs for conser- 
vation. 

Integrated approaches to studying foraging ecology which determine not 
just what, when, where and how an animal eats, but also the nutritional value 
of that diet will help us to understand how that species has evolved to exploit a 
particular ecological niche. Given the fragilitv of many of these niches, conser- 
vation action is critically important, else we may lose even the opportunity to 
understand the diversity of primate feeding adaptations. 
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Feeding Behaviour in Two Captive 
Groups of Black-and-White Ruffed 
Lemurs (Varecia v. variegata), 
KERR 1792 


Abstract 


In captive Black-and-white ruffed lemurs (Varecia v. variegata), 
obesity as well as an increase in the number of infants per Litter are 
assumed to be feeding-related problems. In this study, the feeding 


behaviour was eramined in addition to the amount and composi- 
tion of the consumed food in two captive groups of ruffed lemurs. 
Special regard was given to energy intake. Additionally, in a pilot- 


study, it was tested in two individuals whether they preferred a 


high concentration of sugar to a lower one. In another pilot-study, 
digesta passage rates were measured for different foodstuffs. The 
results revealed a high energy intake in the studied individuals 
compared to their caleulated maintenance energy requirement, es- 
pecially in adult females. The animals preferred feeds with higher 
concentrations of sugar. Digesta passage rates were short. Given 
that the feeding schedule analysed here was representative of those 


used in other institutions, many ruffed lemurs were likely to be 


overfed. An important precondition for obesity and an increase in 


litter size, would therefore be evident. 


Keywords 
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ie Introduction 


There are 330 Black-and-white ruffed lemurs kept in European zoos actually. 
The corresponding European breeding program (EEP) covers 72 institutions 
(Ruempler 1997). 

For many lemur species, obesity is reported to be a problem in captivity 
(see Pereira & Pond 1995). For the ruffed lemur, Terranova & Coffman (1997) 
found in their quantitative study on body weights of wild and captive lemurs 
that 28 % of the weighed captive individuals were obese (an obese animal was 
defined as one weighing more than two standard deviations over the mean). 
They could show that in this species, females tend to become obese more often 
than males. Furthermore, an increase in the number of infants per litter in 
captive female ruffed lemurs, compared to wild females, is reported (U. 
Ruempler, pers. comm.). Colony managers assume both phenomena to be 
feeding-related, in particular concerning the energy content of the diet. In Ring- 
tailed lemurs (Lemur catta) (Pereira 1993) as well as in Common marmosets 
(Callithrir jacchus) (Jaquish et al. 1996), corresponding problems have been 
investigated. The results support the assumption. However, no such studies are 
available for ruffed lemurs. Quantitative data on feeding behaviour and most 
other aspeets of the feeding ecology of this species are scarce, both in the wild 
and in captivity. 

This study intended to provide first quantitative data on various aspects of 
feeding behaviour (quality and quantity of food consumed, access to food, food 
preferences) in two captive groups of Black-and-white ruffed lemurs. Further- 
more, preliminary information on gut passage rates of two individuals is pro- 
vided. 

The paper presented here mainly focuses on energy intake, since this is 
most critical with reference to obesity problems. It will be discussed whether 
the results are compatible with the assumption that the high frequency of obes- 
ity as well as the increase in litter size in captive individuals of this species is 
feeding-induced. 


2. Material and Methods / Animals 


The feeding behaviour as well as the amount and composition of food con- 
sumed by 12 Black-and-white ruffed lemurs kept in two groups of six animals 
each at the Cologne Zoo was examined non-experimentally over a period of 
four months from June to September 1998. 

Group I consisted of one adult female and three adult males aged 2-5 years 
as well as of two infants. The adult female was lactating during % of the study 
period. Group Il consisted of one adult female and five adult males aged 7-24 
years. 

Table 1 shows the diets for both study groups in terms of different food cat- 
egories. The diets were not altered by the authors during the study. 

Food was weighed before and after each meal on 44 days, except for the 
morning-gruel (weighed only on 7 days), which did not vary substantially in 
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Table 1 
Number of consumed foodstuffs in different food categories and their 
median amount consumed per individual [g as fed] in captive Varecia v. 
variegata (study groups I and II). 


[Food category Group II 
Foodstuffs consumed: |Foodstuffs consumed: 
number amount/ind.| number amount/ind. 

| [g] [g] 
Fruits 17 409.7 16 302.6 
Vegetables 28 196.8 28 97.5 
Cereals and cereal products 13 39.6 13 16.7 
Milk and milk produets 3 52.8 3 30.8 
Egg and egg products 1 6.2 1 3.6 
Meat and meat products 1 3.1 1 1.8 
Supplements (vit., minerals) 4 2.6 4 1.5 
Nuts and seeds 2 EI 2 2a 
Fruitjuices 1 4.9 jl 2.9 
Water i 16.7 1 9.7 


terms of amount and composition. Leftovers were subtracted to assess the 
amount of food consumed (group means) for 70 different foodstuffs separately. 
Furthermore, individual intake of each foodstuff was recorded during after- 
noon feeding sessions on 54 days, using focal animal sampling (Altmann 1974). 

Interactive behaviour was documented additionally during feeding and 
non-feeding sessions. Data refer to a total of 168 hours of focal animal sampling 
with focal periods of 10 minutes. After each 10-minute period, positions of all 
animals were recorded. For details see Schwitzer (1999). 

For nutritional analysis, the computer program „The Animal Nutritionist“ 
(Version 2.5; N-Squared Inc. & Durango Software, USA) was used. Data on the 
nutrient composition of foodstuffs were taken from Souci et al. (1991). The 
maintenance energy requirement was assessed using an equation provided by 
Stahl (1967) to determine the basal metabolic rate for an animal of a given body 
weight. The equation was adjusted to maintenance metabolism (see Justice 
and Smith 1992) and modified in accordance with the low basal metabolic rate 
of lemurs (see Schwitzer 1999): 


Maintenance MR [ml O?/h] = 2(696.0 M [kg]0-76)0.6 
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Because body weights of the study animals were not available, a mean 
weight (M) of 3.5 kg for ruffed lemurs (Kappeler 1991; see also Morland 1991; 
Terranova & Coffman 1997) was used for the calculations. This yielded a main- 
tenance energy requirement of 249.3 kcal per animal and day. 

The results were compared to recommendations for old-world monkeys 
(National Research Council 1978) and to data from a field study by Ganzhorn 
(1988). 

In a second, pilot-part of the study, the transit times through the gas- 
trointestinal traet for eight different foodstuffs were measured once each in 
two female Blaek-and-white ruffed lemurs. Foodstuffs were marked with two 
different colour-markers (E 132 Indigotin (blue) and E 124 Ponceau 4R (red): 
available from Brauns-Heitmann!) (see Müller et al. 1999). 

For each foodstuff, the time of first appearance of the marker, based on vis- 
ual inspection of the faeces, was recorded. 

In addition, commercial applemash enriched with 2'^ times the original 
concentration (15.6 % of dry matter) of sucrose as well as non-enriched apple- 
mash was offered to two ruffed lemurs for 10 minutes once per day on 5 consec- 
utive days in order to assess preferences. The animals could choose between 
two randomly arranged bowls of each sucrose-concentration, and the amount 
eaten (in grams) of each concentration was recorded. 


3: Results 


3.1 Energy 


The studied groups differed in terms of median energy intake: the median 
amount of metabolizable energy consumed per individual was 556.7 keal/day in 
group I and 264.7 keal/day in group II. Both groups showed a median energy in- 
take that was higher than their maintenance energy requirement (249.3 keal/ 
day). The adult females were especially affected (fig. 1). 


3.2 Nutrients 


There were no substantial differences in nutrient composition between the di- 
ets consumed by both studied groups. Both diets consumed showed high con- 
centrations of carbohydrates, moderate concentrations of fat and erude fibre 
and low protein concentrations (table 2). 

When comparing the intake of vitamins and minerals to the recommenda- 
tions for old-world monkeys [National Research Council, 1978], intake of pyri- 
doxine, folie acid and especially vitamin C was high, whereas intake of vitamins 
A, D and E as well as iron, sodium and manganese was low (table 2; fig. 2 and 3). 


l. Brauns-Heitmann, Postfach 1163, D-34401 Warburg, Germany 
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Fig. 1. Median energy intake per animal and day in captive Varecia v. variegata 
(study groups I and II) compared to calculated maintenance energy 
requirement (median + upper and lower 25 % quantiles + minimum and 
maximum values). maintenance req. = maintenance energy requirement. 


3.3 Digesta Passage Rates 


Table 3 shows the transit times for eight different foodstuffs, which were meas- 
ured in two female Black-and-white ruffed lemurs. Transit times differed con- 
siderably, between the various foodstuffs as well as between the two animals, 
and ranged from 70 to 283 minutes: 


3.4 Preferences 


A preference for fruits in general, and for foodstuffs with high sucrose-concen- 
tration was evident (fig. 4). The correlation of amount consumed (% of amount 
offered) and sugar content of various foodstuffs was significantly positive 
(Spearman r, = 0.768; p « 0.001; n = 15; one-tailed). 

The pilot-experiment to assess preference for sucrose revealed a signifi- 
cantly higher intake of sucrose-enriched than of non-enriched applemash (Wil- 
coxon-test: Z = -2.023; p < 0.05; N = 5; two-tailed). 
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Table 2 
Concentration of nutrients (dry matter basis) in diets consumed by captive 
Varecia v. variegata (study groups I and II), and recommendations for 
old-world monkeys (National Research Council 1978). 


Nutrient Median value Median value  Recommenda- 
Group I Group II tion (NRC, 1978) 

Energy (kcal/g) 3.3 3.2 - 

Crude protein (%) 12.2 11.6 16.7 

Fat (90) 5.9 5.9 - 

Carbohydrates (%) 60.7 09.0 - 

Crude fibre (96) 8.9 10.2 - 

Ash (%) 3.8 3.9 - 

Vitamin A (IU/g) 0.4 0.3 13.9 

Pyridoxine (mg/kg) 7.0 fete 28 

Vitamin C (mg/kg) 750.9 708.7 111.0 

Vitamin D (IU/g) 0.0 0.0 22 

Vitamin E (mg/kg) 16.1 12.4 59.6 

Folie acid (mg/kg) 0.6 0.6 0.2 

Iron (mg/kg) 39.2 35.6 200.0 

Sodium (%) 0.1 0.1 0.3 

Manganese (mg/kg) 10.0 8.8 44.4 


4. Discussion 


Under non-experimental feeding conditions, both lemur groups studied showed 
a clear preference for foodstuffs with higher sugar-content. This is compatible 
with the results of the pilot-test, which demonstrate that the animals preferred 
applemash with a higher sucrose-concentration. The preference for sugar is 
likely to have promoted an energy intake that was considerably higher than the 
animals’ maintenance energy requirements. Because our study did not take 
into account nutrient digestibility, it cannot be excluded that the energy intake 
values found overestimate the amount of energy that was available to the ani- 
mals. It is unlikely, however, that a low digestibility of nutrients in the diet used 
actually lead to an adequate or even too low energy intake in the study animals 
(compared to their requirements), as the animals gained a large proportion of 
energy from easily digestible simple sugars contained in fruits (see Cabre-Vert 
& Feistner 1995). 

The differences in energy intake between the sexes found in this study can- 
not be interpreted due to small sample size. A higher energy intake of females 
compared to males, as indicated, however, would fit with the strong female 
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Fig. 2. Median nutrient intake per day in captive Varecia v. variegata (study group I) 
in percent of recommendations for old-world monkeys (National Research 
Council 1978). 


133.3 153.0 
ao 17.8 r-29[ | EL 


| | 100.0 
— 55.0 


LJ 
[| 
Wi 


Cr.protein (% RC) 
Vitamin A (% RC) 
Riboflavin (% RC) 
Pyridoxine (% RC) 
Vitamin C (% RC) 
Vitamin D (% RC) 
Vitamin E (% RC) 
Niacin (% RC) 
Folic acid (% RC) 
Panto. acid (% RC) 
Calcium (% RC) 
Phosph (% RC) 
Potassıum (% RC) 
Sodium (% RC) 


Magnesium (% RC) 
Manganese (% RC) 


Fig.3. Median nutrient intake per day in captive Varecia v. variegata (study group 
II) in percent of recommendations for old-world monkeys (National Research 
Council 1978). 
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Table 3 
Transit times of eight different foodstuffs, measured in two female 
Varecia v. variegata at the Cologne Zoo (one measurement per animal 
and foodstuff). è mean value from 3 measurements; P mean value from 2 
measurements; tt = transit time 


Foodstuff tt animal I tt animal II 
[min] [min] 

Carrot — 862 
Apple 171 70 
Banana 173 85 

Red pepper 149 148 
Linen seeds 175 164 
Gruel 175 170^ 
Grape 221 163 
Pear 283 190 


p- 
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Vegetables [30 


Foodstuff [n] 


Fig.4. Intake (mean + SD of both study groups combined) and sugar content of 
different foodstuffs for captive Varecia v. variegata. Data on sugar content 
from Souci et al. (1991). (Spearman rs = 0.768; p < 0.001; n = 15; one- 
tailed). For details see Schwitzer (1999). 
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dominance in this species (see Kaufman 1991; Raps & White 1995). Further- 
more, the adult female of group I was lactating during * of the study period 
and, thus, needed additional energy. The differences in energy intake between 
the two study groups can be simply explained by the fact that the amount of 
food offered to group II was lower (because of the feeding policy to give less 
food to very old animals). Thus, the lemurs in this group might have been 
“forced” to consume an amount of energy close to their maintenance energy 
requirements. 

In comparison to other primate species, the ruffed lemurs studied had an 
overall high energy intake per kg body weight and day (see Zinner, 1992 for 
Papio hamadryas; Stahl 1998 for Cercocebus torquatus at ys). 

Whether or not the nutrient composition of the diet consumed corresponds 
to the species’ requirements, especially concerning the high proportion of car- 
bohydrates, cannot be evaluated since there are no reference data available. 
Also, the nutrient composition might not be completely representative of the 
actual bioavailable nutrients. Though, if one compares the concentrations of 
pyridoxine, folic acid and vitamin C in the consumed diets to the recommenda- 
tions for old-world monkeys (National Research Council 1978), it appears that 
these nutrients were overdosed. In case of vitamin C this bears the risk of pro- 
moting hemosiderosis, a disease often found in lemurs (see Spelman et al. 
1989). The risk of overdosing this vitamin in ruffed lemurs is high anyway, as 
they are, unlike simian primates, able to synthesise it themselves (Pollock and 
Mullin 1987). However, the diets consumed by the study animals showed a low 
iron eoncentration, thus making a negative effect of vitamin C in this context 
appear unlikely. 

A strong preference for foodstuffs rich in sugars might fit with a wide- 
spread tendency in animals to "go for" food whieh maximises energy gain 
(unless other considerations, like e.g. maximum protein gain during growth, 
dictate food choice) (see McNeill Alexander 1999). Possibly, the niche occupied 
by ruffed lemurs imposes special problems on gaining energy. These can be 
related to strong seasonal changes in food availability and long distances 
between the patchily distributed food items. Morland (1992) found that, during 
the austral winter when fruits are scarce, ruffed lemurs spent most of their 
feeding time alone or in small subgroups, and body weights were lower than in 
summer (see also Pereira et al. 1999). In the cool season, thus, energy might be 
difficult to obtain. A strategy to deal with this would be to eat much and pass 
digesta quickly to meet energy requirements. The overall short digesta passage 
rates as found in the pilot-test fit with these assumptions. The transit times 
measured were similar to those found by Cabre-Vert & Feistner (1995), who 
reported a median of 102 minutes for V v. variegata. They were longer than 
those found by Overdorff (1988) for the Red-bellied lemur (Eulemur rubrir- 
enter), but were much shorter than those of Lemur catta (Cabre-Vert & Feist- 
ner 1995) and those of the folivorous Hapalemur species (Santini 1992; Cabre- 
Vert & Feistner 1995). 
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Given the feeding schedule used for the study groups was representative 
for those used in other institutions, many captive ruffed lemurs would be over- 
fed. Thus, obesity problems and an increase in litter size in this species in cap- 
tivity indeed might be feeding-related. To prevent feeding-related obesity prob- 
lems, a reduction in energy intake would be necessary. A possibility to realise 
this would be to simply reduce the amount of food offered. However, less forag- 
ing activities can lead to behavioural problems. Feeding and foraging are 
regarded as important means of keeping animals busy (see Ruempler 1992). A 
reduction in energy intake therefore has to be achieved mainly by increasing 
the proportion of foodstuffs with lower energy concentrations while decreasing 
the proportion of those with higher concentrations. Free-ranging ruffed lemurs 
obviously have to ^work more" for gaining energy (see Britt 1998). Comparing 
fruits used by wild Brown lemurs (Zulemur fulvus) and other lemur species 
which share their habitat with ruffed lemurs (Ganzhorn 1988) to fruits and veg- 
etables fed in European zoos, it is evident that the wild food items have a much 
lower energy content. The median sugar concentration of 11 different fruits 
contained in the diet offered in this study (71.2 9o of dry matter) was more than 
six times higher than that of 15 Malagasy fruits (11.8 % DM). Even a sample of 
13 different vegetables used at the zoo had a median sugar concentration about 
three times higher (31.8 % DM) than the sample of Malagasy fruits. Protein con- 
centration in zoo-fed fruits and wild fruits did not differ significantly, whereas 
zoo-fed vegetables had a significantly higher protein concentration than wild 
fruits (for details and statistical tests see Sehwitzer 1999). 


5. Conclusions 


1. Given that the feeding schedule analysed here was representative for those 
used in other institutions, many ruffed lemurs in captivity would be over- 
fed. An important precondition for obesity and an increase in litter size, 
would therefore be evident. 


2. The nutrition of captive ruffed lemurs needs to be reconsidered, as perma- 
nent overfeeding might lead to problems in maintaining a healthy and self- 
sustainable population. 


9. Establishing and maintaining a reserve population for the highly threat- 
ened ruffed lemurs requires more information about their feeding ecology 
and relevant morphological and behavioural aspects. Field studies are 
especially necessary. 
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Nutrition Research on New World 
Monkeys at Jersey Zoo 


Abstract 


Problems potentially related to nutrition that have arisen in the 
collection of New World primates at Jersey Zoo are described. A study 
of the nutrition of Geoffroy’s marmosets (Callithrix geoffroyi), 
initiated because of health problems and high infant mortality, 
suggested that the diet may have been low in calcium and protein. 
Alterations were accordingly made to the diet: gum arabic is now 
provided on a daily basis for all Callithrix in the collection, and the 
proportion of insects in the diet has been increased. Palatability of 
different concentrations of gum has been investigated to assess the 
most cost-effective way of maximising gum intake. The diet of pied 
tamarins (Saguinus bicolor) in the collection has also been modified 
because of several health and related problems: chronic diarrhoea 
and “wasting”, frequent observations of coprophagy; the relatively 
common occurrence of premature and stillbirths; and locomotor 
problems in young pied tamarins that have had to be contined 
indoors despite dietary supplementation. These problems suggested 
that this species has high protein and vitamin D3 requirements. 
Citrus fruits and other potential irritants have been eliminated from 
their diet, they are supplied with extra insects daily, and gum arabic 
is given regularly. Increasing protein is difficult, as a study on the 
palatability of several types of primate pellet showed that the pellets 
designed specifically for New World primates are not the most 
palatable. Approaches to increasing palatability and intake are 
described, included the use of different flavourings, and the effect of 
reducing the amount of fruit presented on pellet intake. 


Keywords 


marmoset, tamarin, diet, palatability, protein, 
calcium, vitamin D3 
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1. Introduction 


Management of the collection of New World primates at Jersey Zoo, headquar- 
ters of the Durrell Wildlife Conservation Trust, is constantly under review to 
improve the standard of care. Recent developments have involved changes to 
accommodation, husbandry routines, and diet, and the differing requirements 
of the various species in the collection are taken into account in planning man- 
agement strategies. 

Diet and nutrition in the collection have been investigated from a number 
of different angles and for a variety of reasons (e.g. Price 1992; Wormell et al. 
1996). Some species have had histories of health problems and poor reproduc- 
tive success; in other cases, our concern has been to try and mimic natural 
diets both to improve health, and also as a means of providing environmental 
enrichment. This paper reviews a series of studies carried out from 1991-1998. 


2. Diet and health of New World monkeys at Jersey Zoo 


The collection of New World primates at Jersey Zoo currentlv includes repre- 
sentatives of eight species: silvery marmosets Callithrir argentata argenta- 
ta, Geoffroy's marmosets Callithrix geoffroyi, cotton-top tamarins Saguinus 
oedipus, pied tamarins Saguinus bicolor, golden lion tamarins Leontopithec- 
us rosalia, golden-headed lion tamarins Leontopithecus chrysomelas, black 
lion tamarins Leontopithecus chrysopygus, and Goeldi's monkeys Callimico 
goeldii. 

The basic diet consists of three meals daily (Courts 1995): a morning feed 
of soaked commercial New World monkey pellets (see Table 1) sweetened with 
honey and mixed with bread; a lunchtime feed of fruit and vegetables with a 
protein item such as cheese, ox heart or egg, and a small afternoon feed of 
insects or bread soaked in egg or dilute honey. However, species-specific mod- 
ifications have been made to this diet on the basis of studies of health and nutri- 
tion. 


Table 1 
Protein, calcium and vitamin D3 content of the pellets used at Jersey 
Zoo (Data from Special Diet Services 1996). 


Pellet type Protein (%) Calcium (%) Vitamin D3 (IU/kg) 
MP(E) 25.4 2.16 11640 
Marex 25.4 2.16 11640 
Trio Munch 23.8 ED 11000 
Old World monkey (OWM) 16.3 0.70 1920 


An investigation of the diet of Geoffroy's marmosets (Price 1992), initiated 
because of health problems and high infant mortality, suggested that the diet 
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may have been low in calcium and protein. Gum arabic is therefore now pro- 
vided daily for all Callithrix in the collection, and the proportion of insects in 
the diet has been increased. The diet for pied tamarins has also been moditied 
because of several health and related problems (Wormell et al. 1996): chronic 
diarrhoea and “wasting”; frequent coprophagy; relatively common premature 
and stillbirths; and despite dietary supplementation with vitamin D3, locomo- 
tor problems in young pied tamarins that have had to be confined indoors. 
These problems suggested that this species is partieularly sensitive to less 
than optimal levels of protein and calcium/vitamin D3. Citrus fruits and other 
potential irritants are not given, they are supplied with extra insects daily, and 
gum arabic is given regularly to provide supplementary calcium and energy. 


3: Diets of wild marmosets and tamarins 


Field data on the requirements of the various species in the collection are taken 
into account in developing species-specifie diets. Marmosets include high 
proportions of gum in their diet, though some species are more dependent on 
exudates than others (e.g. Rylands & Faria 1993). Tamarins may also need gum 
at times when calcium requirements are high, e.g. during pregnancy and 
lactation (e.g. Garber 1984). Finally, many species include large quantities of 
insects in the diet; this may mean that callitrichids have a high protein 
requirement which must be satisfied in other ways if sufficient inseets eannot 
be provided in captivity. Species which spend the most time in the wild foraging 
for and feeding on insects tend to be those which have had the most health and 
breeding problems at Jersey - pied tamarins, black lion tamarins, and 
Geoffroy's marmosets (Price et al. 1998). 


4. Palatability of acacia gum: Effects of concentration, and species 
differences 


Exudates are a vital component of the diet for all marmosets. Gum arabie is 
preferred by Callithrix species over all foods with the exception of insects 
(pers. obs.), and studies of Geoffroy's and silvery marmosets showed that both 
species tend to prefer stronger concentrations of liquid gum (Ordonez 1997; 
Price et al. 1998). Wild Geoffroy's marmosets have also been observed to feed 
on exudates of a jelly-like consistency (Price, pers. obs.). Any species which 
have problems related to caleium deficiency are also given gum regularly. Com- 
parisons of gum intake by eight species at Jersey Zoo (Ordonez 1997; Price et 
al. 1998) demonstrated that marmosets have a higher preference for gum than 
other species, but that pied tamarins also have a strong liking for it, which is 
interesting in view of the problems experienced with this species in captivity. 
Lion tamarins consume the least gum, which parallels field data on generic dif- 
ferences in gum feeding (e.g. Garber 1984; Rylands 1989; Peres 1989, 1993; Fer- 
rari & Digby 1996; Dietz et al. 1997; Albernaz 1997; Price et al. 1998). 
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5. Palatability of commercial primate pellets 


The high protein requirement of callitrichids (e.g. NRC 1978) is most easily 
catered for by using commercial pellets, and we have recently assessed the pal- 
atability of several types of primate pellet, and methods of increasing the mon- 
keys’ intake (Price et al. 1999). At the time of the study, three high-protein 
pellets (all approximately 25 9o protein) supplied by Special Diet Services 
(Witham, Essex, UK) were being used at Jersey: Trio Munch, MP(E), and 
Marex (see Table 1). MP(E) and Marex used the same recipe, but Marex pellets 
were smaller and designed specifically for small monkeys. Trio Munch was 
fruit flavoured. Old World monkey (OWM) pellets were not given regularly as 
they eontained only about 15 % protein and a much lower level of vitamin D3, 
but they appeared to be more palatable to the monkeys than the high-protein 
pellets. 

We first compared intake of the four different pellet types. Five species 
were studied: black lion tamarins, Geoffroy's marmosets, silvery marmosets, 
pied tamarins, and Goeldi's monkeys. The mean weight per animal per day of 
pellet mixture consumed was calculated by weighing the amounts presented 
and left. 

The results (Table 2) showed a significant overall difference in palatability 
between pellet types, Old World monkey pellet being either the first or second 
choice of all species. This was worrying, particularly in the case of the Geof- 
froy's marmosets and pied tamarins which we suspected needed higher levels 
of protein than they were taking in. Marex, the pellet designed specifically for 
small monkeys such as marmosets, was not particularly liked by any species 
except silvery marmosets. Finally, although Trio Munch was flavoured in order 
to make it more palatable, it was the preferred type only for black lion tama- 
rins. Within-species comparisons showed a significant effect only for pied tam- 
arins (Table 2). 


Table 2 
Results of pellet intake studies (Friedman tests [Siegel & Castellan 
1988] were used for all comparisons). 


Species Pellet preferred Flavour preferred 
Leontopithecus ehrysopygus Trio Munch (NS) Honey (NS) 
saguinus bicolor OWM (P « 0.05) Syrup (NS) 
Callithrix argentata Marex (NS) Honey (NS) 
Callithrix geoffroyi OWM (NS) Honey (NS) 
Callimico goeldii OWM (NS) Syrup (NS) 
Overall OWM (P < 0.05) Honey (NS) 
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As it was not feasible in routine husbandry to use a different pellet for each 
species, we needed to select one which was both acceptable to as many species 
as possible, and that provided adequate amounts of protein and other nutrients 
essential for callitrichids. We therefore decided to use MP(E) until a more pal- 
atable alternative becomes available. In the meantime, we have concentrated 
efforts on methods of increasing intake of the pellet mixture. 

To try and increase palatability of MP(E) pellets, we evaluated three fla- 
vourings — honey, golden syrup, and Ribena (a sweet blackcurrant-flavoured 
drink) - and monitored the weight of mixture taken. The results (Table 2) 
showed that, again, different species had different preferences, although 
Ribena was generally not liked. There was overall no significant effect of fla- 
vouring, and therefore no easy way to increase intake for all species. 

Finally, we tried to increase intake of the pellet mixture and reduce general 
food wastage by reducing the amount of fruit fed at the midday feed. The quan- 
tity fed was standardised by volume. At the end of each day, the amounts of both 
pellet and fruit left by each group were estimated by eve on a five-point seale 
from none to all. After the baseline phase of the study, the results were 
reviewed, the quantities of fruit fed adjusted, and data collection repeated. The 
results (Price et al. 1999) showed that overall, reducing the quantity of fruit fed 
produced a significant increase in the amount of pellet taken. 


6. Discussion 


It is now clear from the growing number of field studies of callitriehids that 
there are considerable species and generic differences in the composition of 
the diet, and yet Jersey Zoo, like many other collections, has in the past provid- 
ed the same diet for all species. Some health and breeding problems in the col- 
lection have emphasised to us the importance of using field data to individually 
tailor diets for each species. Providing gum arabic on a daily basis for all mar- 
mosets in the collection was one of the first steps, along with near-daily provi- 
sion of live insects for all the monkeys, with great improvements in health. 

Field studies have shown that exudates may be important not only for mar- 
mosets, but also for tamarins at certain times. Species such as pied tamarins 
which seem to have problems with calcium in captivity are therefore also given 
gum regularly, and we increase insects for any animals showing symptoms 
such as weight loss, or for pregnant females with a history of stillbirth or mis- 
carriage. Black lion tamarins, for example, spend large amounts of time feed- 
ing and foraging on insects and gum in the wild (Albernaz 1997), and at Jersey 
have had more problems with loss of infants (other than to parental neglect) 
than the other lion tamarin species (Wormell, in prep.). 

The palatability of commercial primate pellets has been recognised as a 
problem for many years (e.g. Shimwell et al. 1979; Petto & Devin 1988; Price 
1992). Experimenting with different pellet types and flavouring did not produce 
a satisfactory answer. The monkeys could be encouraged to consume more pel- 
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let, and wastage could be reduced, by redueing the quantity of fruit fed. How- 
ever, we believe that it remains essential, for both adequate nutrition and 
enrichment, for the diet to be varied. The quantity fed also needs to be adjusted 
according to the genus - lion tamarins typically consume most of what they are 
given, in contrast to the smaller Callithrix and Saguinus species. 

We feel that although we have made progress, there is still much further 
work to be done to optimise diets for marmosets, tamarins, and Goeldi's mon- 
keys, and Jersey aims to continue its research in this area, using field data as it 
becomes available in conjunction with studies of nutrient provision in captivity. 
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Effects of dietary changes on the 
behavior and fecal consistency of three 
captive eastern lowland gorillas 
(Gorilla gorilla graueri) at the 
Royal Zoological Society of Antwerp 


Abstract 


An important problem with the eastern lowland gorillas (Gorilla go- 
rilla graueri) at the Royal Zoological Society of Antwerp was regular 
re-occurrence of serious diarrhea. Examination of fresh stool sam- 
ples revealed the presence of large numbers of Entamoeba sp. and 
Trichomonas sp. Because medical treatment was not always success- 
ful, it was hypothesized that this problem might in part be attributed 
to the animals’ diet. Behavioral observations were carried out to 
quantify the daily intake of food and the baseline activity budget for 
each animal. The daily consumed diet was analyzed using the Ani- 
mal Nutritionist program, and compared with the diet of wild goril- 
las and the SSP recommendations for captive animals. A new diet, 
containing less fruit and more green leafy vegetables, other vegeta- 
bles, leaves and branches than the old diet, was introduced. In com- 
parison to the baseline observations, observations of the situation 
with the new diet revealed an almost absence of diarrhea in the 30 
year old female and the 41 year old male. In contrast, the eight year 
old female showed only a slight reduction in the occurrence of di- 
arrhea. For this animal the occurrence of diarrhea is related to other 
factors in addition to diet, one of which may be stress. Observations 
further revealed a significant increase in food searching behaviour 
for the two females and time spent eating for the male, as well as a 
significant decrease in the time spent resting by the male. 


Keywords 


nutrition, feeding, behavior, diarrhea, primate 
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m introduction 


An important problem with the eastern lowland gorillas (Gorilla gorilla grau- 
eri) at the Royal Zoological Society of Antwerp was frequent re-occurrence of 
serious diarrhea. Examination of fresh stool samples at these times revealed 
the presence of abnormally large numbers of the intestinal protozoa Entamoe- 
ba sp. and Trichomonas sp. Medical treatment consisted largely of oral anti- 
bioties: 1 ml Humatin, per kg body weight (active component Paramomycine 
25 mg/ml) for Entamoeba and about 16 g per animal of Trico+, (active compo- 
nent Ronidazolum 200 mg in 4 g) for Trichomonas. The frequent antibiotic 
treatment, necessary to stop the diarrhea, may have had a negative influence 
on the normal intestinal microflora compromising its resistance to the proto- 
zoa and allowing the latter to grow out of hand more easily. We hypothesized 
that the current diet of the animals, which unlike the natural diet was high in 
fruit and concentrates and low in fiber, may have caused an imbalance in the 
normal intestinal flora thereby contributing to the reduced resistance to the 
pathogenic protozoa. 

The habitat of the eastern lowland gorilla ranges from mostly lowland to 
mountain transitional and montane tropical forest in the east of the Democratic 
Republic of Congo, with 86 % of the population occurring in the Kahuzi-Biega 
lowland-Kasese region (Yamagiwa et al. 1993; Hall et al. 1998a+b). Gorillas are 
generally considered exclusively herbivorous, although there are some reports 
of gorillas eating ants and other invertebrates (Fossey and Harcourt 1977; 
Sabater Pi 1997; Yamagiwa et al. 1991; Tutin et al. 1991). Within the vegetarian 
fraction of the diet, gorillas appear to be predominantly folivorous although 
variations in the proportions of the different dietary constituents can be 
observed depending on the gorilla subspecies, habitat type and seasonal influ- 
ences. Of the three subspecies, the mountain gorilla (G. g. beringei) is the most 
specialized folivore with 93 % of the diet consisting of leaves (68 90) and stems 
(25 %) of herbs, vines and shrubs (Fossey and Harcourt 1977; Watts 1984). The 
diet of the western lowland gorilla (G. g. gorilla) appears to be more influenced 
by seasonal food availability with more succulent fruits being eaten during the 
fruiting season. However, the gorillas were always less persistently frugivorous 
than the sympatrie chimpanzees and leaves, stems and pith still formed an 
important fraction of the diet especially during the non-fruit season (Sabater 
Pi 1977; Calvert 1985; Tutin and Fernandez 1985; Rogers et al. 1990; Tutin et al. 
1991; Tutin and Fernandez 1993; Nishihara 1995; Remis 1997). It is also impor- 
tant to note that a proportion of the fruits eaten by gorillas are very woody and 
equally or more fibrous than leaves and stems (Goodall 1977; Calvert 1985; 
Rogers et al. 1990). Many "gorilla fruits" are therefore very different from the 
fleshy commercial fruits humans are used to. The difference in diet between the 
western lowland and mountain gorilla is probably largely due to the difference 
in their respective habitats with the lowland forest being more seasonal, spe- 
cies diverse and fruit bearing than the montane forests (Remis 1997). Based on 
this assumption the eastern lowland gorilla is expected to have an intermediate 
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diet. The few nutritional studies on eastern lowland gorillas appear to confirm 
this assumption (Casimir 1975; Goodall 1977; Yamagiwa et al. 1993). A change 
in the diet of the Antwerp gorillas from a fruit and concentrate-rich diet to one 
that contained more plant fibers was expected to favorably influence the gas- 
tro-intestinal mieroflora such that diarrhea might occur less frequently. 

Gorillas in the wild are diurnal. Depending on the observation method used 
it was found that adult gorillas usually spend about 25 % (method = group 
scans) to 45 9o (method = focal animal) of the day feeding (= collecting, pre- 
paring and ingesting food) (Schaller 1963; Fossey and Harcourt 1977; Harcourt 
and Stewart 1984). Gorillas also show great dexterity in combining the use of 
hands and mouth in order to collect food and expose the palatable parts of each 
food item before it is eaten (Schaller 1963; Casimir 1975; Fossev and Harcourt 
1977; Goodall 1977). By including in the new diet for the Antwerp gorillas die- 
tary items which require more processing before they can be ingested and 
swallowed, we hoped to positively influence the daily activity budget of the ani- 
mals such that it becomes more similar to that of their wild conspecifies. 


2. Materials and methods 


2.1 Animals 


The study was conducted at the Royal Zoological Society of Antwerp on a group 
of three eastern lowland gorillas: a wild caught silverback male *Mukisi" who 
came into captivity in 1960 when he was estimated to be three years old and 
arrived in Antwerp in 1985; an adult female “Victoria” who was born in Ant- 
werp in June 1968; and a young wild caught female “Amahoro” who was confis- 
cated by Rwanda CITES authorities at Kigali airport and was donated to Ant- 
werp Zoo where she arrived in 1994. She is now estimated to be about 8 years 
old. The gorilla exhibit consists of an enclosed 225 m? outer terrace (enriched 
by climbing structures, hiding places, movable play objects and a roof that can 
be opened) and three smaller inner enclosures (for a diagram see Vrancken et 
al. 1990). The gorillas have continuous access to all areas, except during brief 
cleaning sessions. 


2.2 Daily routine 


Table 1 illustrates the daily feeding schedule of the gorillas. The gorillas were 
fed three times a day. First thing in the morning the animals each entered one 
indoor enclosure and had something to eat while the keepers distributed a larg- 
er portion of the daily diet among the bedding material on the outside terrace. 
The animals were then released together on the terrace for the rest of the 
morning. At midday, the animals were again called into individual indoor enclo- 
sures while the terrace was being cleaned. At this time the animals received an 
individual portion of food. After cleaning the outdoor enclosure, a second large 
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portion of the diet was distributed over the terrace to which the animals had 
access during the remaining period of the day and night. 


Table 1 


Daily feeding schedule of the eastern lowland gorillas at Antwerp Zoo. 


Period of 
the day 


Old Diet 


New Diet 


Terrace Indiv. indoor encl. 


Terrace Indiv. indoor encl. 


Fruit 
Vegetables 
(Browse if avail.) 


Paté 
Rice water drink 


Fruit 
Paté for Mukisi 


Clean Terrace 
+ put out the 


Vegetables 

Few gr. leafy veg. 
Browse 

Cereals 


One piece of fruit 
Rice water drink 


Clean Terrace 
+ put out the 


Bread 
Yogurt 


afternoon food afternoon food 


Vegetables 
Green leafy veg. 
Cereals 

Various seeds etc. 


Vegetables 

Green leafy veg. 
Browse 
Concentrate bisc. 


2.3 Behavioural observations 


During a baseline observation period (starting 24th October 1997), the current 
diet offered to and consumed by the animals was established and the daily ac- 
tivity pattern of the animals was studied. Each day individual food items of- 
fered to the animals were noted and weighed before being offered. Because a 
large proportion of the diet was offered to the group as a whole on the terrace, 
behavioral observations were not only necessary to determine the daily activity 
pattern but also to provide a good estimate of the amount of different food items 
consumed by each animal individually. Significant remains of food left the fol- 
lowing morning were collected and weighed. Each animal was observed for one 
hour twice a day (at varying times between 8:30 am and 4:30 pm) on alternate 
days. In a limited number of cases the observation period had to be interrupted 
for management reasons which explains why total time observed in table 4 
does not add up to a full hour. In such cases the minimum observation period 
was always 30 minutes. For statistical analyses these results were recalculated 
to one hour. During the baseline observation period Amahoro was observed one 
hour less than Mukisi and Victoria because of illness of the observer. The activ- 
ities timed were: Resting “R” = the animal is sleeping or just sitting or lying 
down without any physical activity; Eating “N” = the animal is preparing and/ 
or ingesting food; Searching “S” = the animal is looking for food between the 
objects/bedding in the enclosure; Solitary play “P” = typical play behavior (on- 
ly shown by the younger animal); Others “I” = all other activities observed. 


142 


Effects of dietary change on captive gorillas 


2.4 Diets 


Table 2 shows the composition of the old diet consumed, the SSP recommended 
diet and the new diet in terms of proportions of different food items offered. Ce- 
reals comprise various loose grains and grain products such as seeds, corn 
flakes etc., and are fed mainly for enrichment purposes. Concentrates in the 
Antwerp diet largely comprise equal parts of à home made monkey paté (9 
parts of a ground grain mixture (— various grains, milk powder, inactive beer 
yeast, vitamin and mineral mix, calcium phosphate and calcium carbonate) + 
1 part of ground meat + 4 parts of water) and a commercial primate biscuit 
(Banana chunks® Special Diet Services Witham), in addition to very small 
amounts of multivitamin drops (Protovit& Roche), a carrot and rice prepara- 
tion in powder form (Caril& N.V. Nutricia), Ovomaltin-malt& (N.V. Sandoz Nu- 
trition S.A.) and a concentrated fruit drink (Ligacé& Heudebert). 


Table 2 
Composition of the old and new daily diet of the Antwerp Zoo eastern 
lowland gorilas (Mukisi, Victoria and Amahoro) and the SSP 
recommended diet for captive gorillas (Popovich and Dierenfeld 1997) 
in terms of proportions and amounts of different food categories fed.! 


Old Diet SSP Diet New Diet 
(consumed) (advised) (offered) 


Mukisi 
Fruits 1657 18 1100 10 1100 9 
Vegetables 4119 45 4400 40 4950 42 
Green Leafy Veg. 1874 20 1100 10 2750 23 
Cereals 360 4 220 2 220 2 
Yogurt 300 3 0 0 300 
Concentrates 846 9 2530 23 790 
Browse 0 0 1650 15 1650 14 
Total Weight 9156 s 11000 11760 
% of body weight 3,82 4,58 4,90 

Victoria 
Fruits 1957 31 600 10 600 9 
Vegetables 1368 21 2400 40 2700 41 
Green Leafy Veg. 1740 27 600 10 1500 29 
Cereals 357 6 120 2 120 2 
Yogurt 300 5 0 0 300 
Concentrates 650 10 1380 23 490 
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% of body weight 


Amahoro 
Fruits 
Vegetables 
Green Leafy Veg. 
Cereals 
Yogurt 
Concentrates 
Browse 
Total Weight 
% of body weight 


The old diet was compared with the recommended diet for gorillas as pre- 
sented in the Species Survival Plan (SSP) gorilla husbandry manual (Popovitch 
and Dierenfeld 1997). The broad nutritional composition of the (SSP) diet was 
identified by entering the SSP recommendations for the proportions of the food 
types into the "Animal Nutritionist" computer program (N-Squared Ine. 1995). 

Because of the cost of commercial high fiber primate biscuits, a new Ant- 
werp diet was composed based on food sources which were readily available 
and close in nutrient composition to the SSP recommendations. The new diet 
had a lower proportion of fruit, higher proportion of vegetables, especially 
green leafy vegetables and a daily offering of browse (mostly willow branches 
but a wider selection in summer). Although the total amount of concentrates 
eaten by each animal was somewhat reduced, slightly less banana chunks and 
slightly more paté was fed in order to maintain crude protein and energy 
intakes. Yogurt was retained because it is often used for enrichment purposes 
or to administer medicine. 

The new diet was introduced to the animals through a number of "interme- 
diate diets" over a period of one week starting 16th April 1998. Once the defin- 


1. Cereals — loose seeds, grains, and breakfast cereals; Concentrates 
(in Antwerp) — home made monkey paté (9 parts of a ground grain 
mixture (various grains, milk powder, inactive beer yeast, vitamin 
and mineral mixture, calcium phosphate and calcium carbonate) + 
1 part of ground meat + 4 parts of water) + primate biscuit (Banana 
chunks, Special Diet Services Witham) + very small amounts of Pro- 
tovit, (Roche), Caril, (N.V. Nutrieia), Ovomaltin-malt, (N.V. Sandoz 
Nutrition S.A.) and Ligacé, (Heudebert). Concentrates (in SSP diet) 
— High Fiber Primate Biscuit (e.g. Mazuri Leaf Eater Primate Diet) 
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itive new diet had been in place for three weeks a new series of behavioral 
observations (using the same protocol as before) was carried out on alternate 
days for a period of 18 days. The behavioral results were statistically analyzed 
using the chi-squared test. 


2.5 Medication 


Between September 1997 and December 1998, each day the animals received 
medication (oral antibiotics) for diarrhea was recorded. The animals received 
medication when they showed almost liquid stools during consecutive defeca- 
tions. A parasitological and bacteriological examination of the stools always 
preceded the prescription of medication. The amounts of Entamoeba spp. and 
Trichomonas spp. present in these feces always indicated that medication was 
necessary. Bacteriological examination was negative in all cases. 


38 Results 


3.1 Diets 


When fed the old diet, the proportions of the different categories of food con- 
sumed by each of the animals varied greatly (Table 2). Amahoro, and to a lesser 
extent also Victoria, were more agile and therefore faster than the old Mukisi 
and monopolized the preferred food items (mainly the fruit and some "choice" 
vegetables) from the selection offered on the terrace. Thus a higher proportion 
of fruits, and lower proportion of vegetables were consumed by the females 
than the male. Comparison of the old Antwerp Zoo diet with the SSP recom- 
mended diet showed that Mukisi consumed a diet that most corresponded to 
the SSP recommendations, whereas the adult females chose too much fruit. 
The Antwerp animals consumed more green leafy vegetables than recommend- 
ed. Browse was available only occasionally and was not a true daily part of the 
diet. Victoria consumed fewer vegetables than recommended. 

With the new diet we therefore offered fruit only at those times during the 
day when the animals were individually housed (Table 1). In this way the 
females could not monopolize the fruit. Paté was still offered individually 
because it is an energy-rich food item, and contains an important proportion of 
the vitamins and minerals. However, paté was now fed at midday rather than 
first thing in the morning. The gorillas are more likely to eat the less popular 
food items (such as vegetables and browse) during the morning if they have not 
first eaten the rich paté. The vegetables and browse offered on the terrace in 
the afternoon were available to the animals during the rest of the day and the 
remnants were always completely consumed during the night. Although not 
measured precisely, we can assume that the new diet "offered" is very close to 
the diet “consumed” because: 1) all food was eaten, 2) those food items that 
were responsible for the difference in intake with the old diet were fed individ- 
ually and 3) the most nutrient rich item, paté, is still fed individually. 


145 


T. Savini, K. Leus, L. Van Elsacker 


The broad nutritional composition of each of the diets can be found in 
Table 3. The values for ADF, NDF and Lignin in the diets are slightly underes- 
timated because of the lack of available data on the contents of these nutrients 
in some fruit and vegetables. However, the amounts of fiber in these products 


Table 3 
Composition of the old and new daily diet of the Antwerp Zoo eastern 
lowland gorillas (Mukisi, Victoria and Amahoro) and the SSP 
recommended diet for captive gorillas (Popovich and Dierenfeld 1997) 
in terms of proportions and amounts of the main nutrients fed. 
DM = dry matter; CP = crude protein; CF = crude fiber; ADF = acid 
detergent fiber; NDF = neutral detergent fiber.* 


DM CP CF app’ NDF* Fat* Lignin Ash 
(g) (g) (g) (g) (g) (g) (g) (g) 


Old Diet 

Mukisi 2129 24g 93 4,147 94,49 802  À 3,997 79,25 
Victoria 1378 200,5 74,84 2,58 74,58 6342 1,875 53,25 
Amahoro 1453 212,6 69,63 2,199 7827 67,74 2,249 55,7 


SSP Diet 

Mukisi 3943 803,3 822,9 782,1 1192 1572 130,7 280,4 
Victoria 2161 438 447,6 426,6 650 45,6 7124 153,2 
Amahoro 2161 438 447,6 426,6 650 45,6 7124 1532 


New Diet 

Mukisi 2523 386 552,6 3798 614,8 77,96 132,7 135,2 
Victoria 1420 217,8 299,3 207,1 333,8 46,89 7228 7425 
Amahoro 1420 217,8 299,3 207,1 333,8 46,89 7228 74,25 


*. The values for ADF, NDF and Lignin in the diets are slightly underes- 
timated because of the lack of available data on the contents of these 
nutrients in some fruit and vegetables. However, the amounts of 
fiber in these products are so low that they are outweighed (by sev- 
eral orders of magnitude) by the amounts in browse and commercial 
high fiber biscuits. 


are so low that they would be outweighed in several orders of magnitude by the 
amounts in browse and commercial high fiber biscuits. The new Antwerp diet 
more closely approaches the recommended diet in every aspect but especially 
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the amount of CE, ADE, NDF and Lignin. This is due mainly to the daily offering 
of browse as a fixed component of the diet as well as to the increase in the 
amount of green leafy vegetables and other vegetables fed. 

Because only limited changes were made to the amounts of the main vita- 
min and mineral containing food items fed, little will have changed in the abso- 
lute amounts of these nutrients in the diet. Assessing the adequacy of these 
amounts and proportions can be the topic of a future study. 


3.2 Fecal consistency 


Figure 1 illustrates the number of days per month the animals received medi- 
cation for diarrhea. The criteria for giving medication as well as the method of 
treatment did not change over the course of the study period. After the intro- 
duction of the new diet on the 16th April 1998, both Mukisi and Victoria had di- 
arrhea less frequently than before, with no diarrhea at all for a number of 
months. Amahoro only showed a mild reduction in the number of days with di- 
arrhea. 


m Mukisi 
E Victoria 
L] Amahoro 


len. 


Fig. 1. Number of days per month (September 1997-December 1998) the eastern 
lowland gorillas at Antwerp Zoo (Mukisi, Vietoria, Amahoro) received oral 
antibioties to treat diarrhea. 


3.3 Behavior 


Table 4 summarizes the results of the behavioral observations before and after 
the introduction of the new diet. The new diet caused a significant reduction in 
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the resting time of the old male “Mukisi” to the advantage of the time spent pre- 
paring and ingesting food. For both females the new diet resulted in a signifi- 
cant change in the amount of time spent “searching” for food. The other behav- 
iors did not change in a statistically significant way. It is worth noting that 
Amahoro rested little or not at all but engaged in mainly solitary play during 


Table 4 
Difference in the main behavior categories shown by the eastern lowland 
gorillas at Antwerp Zoo (Mukisi, Victoria and Amahoro) before and after the 
introduction of the new diet. (*** chi-square 0.01-0.005; ** chi-square 
0.025-0.01; * chi-square 0.05-0.025) 


Old Diet New Diet 

Total time observed 1344’ Total time observed 1008’ 

Proportion of time obs. %  |Proportion of time obs. % 
Mukisi 
Resting 759 56,5 319 321.19) in 
Searching 113’ 8,4 103’ 10,2 
Eating 468’ 34,8 583’ 97,8 = 
Others 4 0,3 3' 0,4 

Total time observed 1344' Total time observed 1008' 

Proportion of time obs. %  |Proportion of time obs.. % 
Victoria 
Resting 774 97,6 447' 44,3 
Searching 360' 26,8 456 45,2 x 
Eating 208' 15,5 103' 10,2 
Others 2i 0,1 2i 0,3 

Total time observed 1223' Total time observed 1071' 

Proportion of time obs. % Proportion of time obs. % 

Amahoro 
Resting 19' 1,5 oi 0,1 
Searching 169' 13,8 291' PA x 
Eating 188' 15,4 197' 18,4 
Playing 756' 61,8 537 50 
Others 91’ 7,4 46’ B 


both observation periods whereas Mukisi and Victoria rested one third to half 
the amount of the time they were observed. 
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In the case of Mukisi and Victoria the small amount of “Other” behavior 
was entirely spent drinking. For Amahoro this section of behavior was a bit 
more varied and also included short bouts of social behavior (always Amahoro 
trying to stimulate interaction with Mukisi or Victoria and having little or no 
suecess), locomotion, etc. 


4. Discussion 


The new diet appears to have had a positive effect on both the fecal eonsistency 
and activity budgets of the two older gorillas. Gorillas are able to digest fibrous 
food stuffs fairly efficiently because of their voluminous colon with a balanced 
population of fermenting micro-organisms. The latter also help to protect the 
host against disease by stimulating the immune system and competing with po- 
tentially pathogenic organisms (Stevens and Hume 1995). The introduction of 
the new high fiber diet may have influenced the balance of micro-organisms in 
the gut of the Antwerp gorillas, thereby strengthening the protective abilities 
of the indigenous flora and giving the populations of Entamoeba and Tri- 
chomonas less chance to grow out of hand. Because the animals had serious 
diarrhea less often, they had to take oral antibiotics less often which will also 
have had a positive influence on the normal microflora. A similar change in diet 
(a reduction of fruit, animal products and starch/sugar rich produets and an in- 
crease in vegetables and browse) tried with the western lowland gorillas in Co- 
logne zoo resulted in the complete disappearance of the regurgitation behavior 
of the silverback male and a marked decrease in aggressive behavior and in- 
crease in play behavior in the other group members (Ruempler 1990). 

The young female Amahoro showed a mild reduction in the frequency of 
diarrhea. For her the occurrence of diarrhea appeared to also be caused by fac- 
tors other than diet, for example stress. The occurrence of diarrhea in this ani- 
mal was often related to her having tried hard, and failed, to persuade one or 
both of the older animals to engage in some sort of interaction or play. The two 
older animals hardly did anything other than forage, eat and rest. All of Ama- 
horo's play sessions were of solitary play. The solution for this animal probably 
lies with the development of a very active behavioral enrichment program and 
the addition of some extra younger animal(s) to the group. The latter may how- 
ever not be an achievable and/or desirable option at present because the Ant- 
werp group (a relie from Belgian colonial times) is the only group of eastern 
lowland gorillas in captivity in the world. 

Mukisi spent a larger amount of time preparing and consuming food 
because the more fibrous food items (vegetables, green leafy vegetables and 
especially browse) required more manipulation to separate the palatable parts 
from the others and needed to be chewed longer before they could be swal- 
lowed. As a consequence, he spent less time resting which usually consisted of 
sleeping or observing the other animals and/or the visitors. 

The females' increase in the amount of time spent searching for food could 
mainly be attributed to their fondness for looking for cereals in the bedding in 
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the enclosure. With the new diet, cereal products were no longer offered exclu- 
sively during the midday feed when the animals are alone in their individual 
enclosures, but part of the cereals were offered on the terrace in the morning. 
The small sized banana chunks offered in the afternoon performed the same 
behavioral function. Reducing the amount of fruit fed and feeding fruit individ- 
ually probably also contributed to the increased searching activity of the 
females. Pieces of commercial fruit can be easily monopolized and require very 
little handling time before they can be eaten. After a quick "fruit meal" the 
females would have been less motivated to search for other food items. 


5. Conclusions 


1. Changing the diet such that it contained higher amounts of vegetables, 
green leafy vegetables and especially browse and lower amounts of fruit 
strongly reduced the frequency with which the adult animals experienced 
serious diarrhea. 


2. It appears likely that the new diet had a favorable influence on the balance 
of micro-organisms in the gut of the gorillas, thereby strengthening the 
competitive abilities of the indigenous flora so that populations of the 
latently present potentially pathogenic protozoa Entamoeba sp. and Tri- 
chomonas sp. grew out of control less frequently. 


3. By changing the diet such that it contained more food items which required 
longer periods of searching, manipulation, preparation and chewing, and 
by making some strategic changes in the feeding schedule, the daily activ- 
ity pattern of the animals was altered such that more time was spent forag- 
ing and eating and less time resting. 


4. Regular occurrence of diarrhea in captive animals may not only be related 
to diet composition and/or the presence of pathogenic organisms but also 
to other factors such as different types of behavioral stress. 
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A review of foraging niches in Rodents 
and their implications for captive 
management 


Abstract 


Of all the Mammalian Orders, the Order Rodentia contains the larg- 
est number of mammal species. The rodents comprise a total of 2021 
species, which represents 43.7 % of all mammals. They occupy all 
six zoogeographical regions of the world, and in each region differ- 
ent species have evolved to utilise a massive diversity of ecological 
niches. This ranges from commensal species such as the Western 
House Mouse (Mus domesticus) £o tropical arboreal species such as 
Prevost's Squirrel (Callosciurus prevosti). 

In behaviour the rodents are again incredibly diverse and species 
exist that can provide examples of many different strategies across 
a wide range of habitats. Rodents show a wide variety of foraging 
specialisations, since by developing such specialist foraging behav- 
iours each species fully exploits its habitat and reduces competition 
with other inhabitants of the same area. 

However, within a large number of zoological collections the diver- 
sity of rodents is poorly known and even more poorly displayed. 
Despite the large variety in natural diets and foraging ecology 
amongst rodents, most species are still fed in captivity with exactly 
the same diet and food presentation techniques irrespective of their 
wild ecology. For the majority of rodents this consists of a seed miz- 
ture fed in a static food bowl. Rodents have the potential to be more 
effectively displayed if their natural foraging behaviours are uti- 
lised, as well as enhancing the welfare of the individuals them- 
selves through providing environmental enrichment. An example of 
this is the Fat-tailed Duprasi (Pachyuromys duprasi). In the wild 
this animal is a voracious hunter, and given a regular supply of 
live insects and molluses can display active hunting behaviour. 
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Zoos must therefore look to what happens in the wild in order to en- 
hance their displays and improve welfare - and rodents should not 
be exempt from this rule. 


Keywords 


Rodentia, foraging, niches, feeding, captivity, evolution, 
zoogeography 


ile Introduction 


Of all the Mammalian orders, the order Rodentia contains the largest number 
of mammal species and yet still traditionally plays a very minor role among the 
displays in most zoological collections (Novak 1991). Often rodents are viewed 
more as pests of captive stock rather than the subject of display themselves. Yet 
this order comprises a total of 2021 species, which represents 43.7 % of all 
mammal species (Fig. 1) (Wilson & Reeder 1993). These massive numbers of 
species have diversified to utilise a huge range of ecological niches with equally 
diverse dietary specialisations. 


others 6 % 
Cetacea 2 % 


Lagomorph 2 % 
Diprotodont 3 % 


Rodentia 
44 % 


Carnivora 
6 % 


Chiroptera 
20 % 


Insectivora 
9% 


Fig. 1. Mammalian species of the World (Total species = 4629) 


Rodents play a crucial role in nearly all terrestrial ecosystems. As primary 
consumers they can be responsible for consumption of high proportions of 
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plant growth. Combined densities of small mammals often exceed 250-300 ha! 
in suitable habitats and it has been estimated that a healthy Water Vole (4rv/- 
cola terrestris) population in Southern England consumes around 350 kg of 
aquatic plant growth per kilometre of river every month (Jordan 1996). 
Rodents play a vital role as links in the food chain. Entire carnivore food webs 
are almost totally supported by rodents in habitats such as the American prai- 
ries and European steppes where prairie dogs (Cynomys spp.) and sousliks 
(Spermophilus spp.) respectively, underpin the entire carnivore populations. 
Some rodent species even act as important predators themselves with many 
species being highly insectivorous and in some tropical communities, aquatic 
predators of fish and invertebrates. 

The potential for using captive rodents as displays to illustrate a multitude 
of ecological concepts or foraging strategies has barely been explored. Whilst 
the nutrition of a few widely kept laboratory and pet species is well researched, 
the concept that the nutritional requirements of most species can be catered 
for in eaptivity by a standard 'rodent pellet' presented in a food hopper or bowl 
is of course a gross simplification. 


2. Niche diversity 


Rodents have a global distribution, they are found within all of the six zoogeo- 
graphic regions of the world (Table 1) in addition to a large number of island 
endemics. 


Table 1 
The number of species of Rodents occurring within each of the six 
Zoogeographic regions (from Corbet & Hill 1991) 


Mamma- Number of nn occurring within the Zoogeographie Region 


hon Origi um um 


200 


Indomalayan | Australasian 


Within each of these regions the rodents represent a large proportion of the 


total mammalian biodiversity that occurs (Table 2). 


Table 2 
The Percentage of mammalian biodiversity represented by Rodents 
within each of the six Zoogeographic recions (from Corbet & Hill 1991) 


Mamma- % of mammalian biodiversity within the Zoogeographie Region 


lian Order Neotropical | Indomalayan 


38.4 26.1 


Palaearctic | Nearctic | Afrotropical 


Rodents 56.2 
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This high number of species constituting such a high proportion of the 
mammalian biodiversity has resulted in an evolutionary diversification of 
rodents to utilise all of the major terrestrial and freshwater aquatic niches 
(Table. 3). Some species such as the House Mice (Mus domesticus, M. muscu- 
lus) have even developed a truly commensal lifestyle and been distributed with 
man around the world. 

This diversification of rodents amongst so many niches across all six of the 
zoogeographie regions has lead to many classic examples of evolutionary 
divergence and convergence. 

This evolutionary divergence is clearly evident as examples of related 
rodents diversifying to occupy a wide range of niches can be found within all 
six of the zoogeographic regions. Within the Australasian region all rodent spe- 
cies belong to the single family, Muridae, yet they have adapted to oceupy all of 
the rodent niches. From saltatorial desert species such as Hopping Mice (Not- 
omys spp.), squirrel like arboreal species such as the Black-footed Tree Rat 
(Mesembriomys gouldii) to carnivorous aquatic species like the Water Rat 
(Hydromys chrysogaster). The False Water Rat (Xeromys myoides) is even 
an inhabitant of coastal and mangrove swamps feeding on prey such as large 
crabs (Strahan 1983). 


Table 3 
Examples of the diversity of ecological niches occupied by Rodents 
across the six Zoogeographical Regions 


Zoogeographi- Rodent Genera inhabiting Ecological Niche 


Palaearctic Arvicola Spalax Apodemus Seiurus 
Castor Ellobius 


Clethrionomys | Dryomys 


Nearctic Ondatra Geomys Peromyscus Sciurus 
Neofiber Thomomys Dipodomys Glaucomys 


Afrotropical Pelomys Cryptomys Lemniscomys \Graphiurus 
Thryonomys |\Heterocephalus |Acomys Heliosciurus 


Octodon 
Akodon 
Rattus 


Mus 


Notomys 
Zyzomys 


Neotropical Myocastor Spalacopus 
Ichthyomys Ctenomys 


Echimys 
Microsciurus 


Nesokia 
Limnomys 


Callosciurus 
Chiropodomys 


Indomalayan Myospalax 


Rhizomys 


Australasian Hydromys 


Crossomys 


Pseudomys 
(part only) 


Mesembriomys 
Conilurus 


Strong evolutionary convergence can be seen among rodents that occupy 
similar niches across the different zoogeographic regions. There are many 
examples of adaptation to environment leading to remarkably consistent mor- 
phology and ecology amongst only distantly related rodents. Perhaps the most 
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well known example of which is among desert dwelling species from the differ- 
ent regions. The consistently harsh arid environment has resulted in remarka- 
ble convergence between the heteromyid Kangaroo Rats (Dipodomys spp.) of 
ihe North American deserts, the dipodid Jerboas (Jaculus spp.) of the North 
African deserts and the murid Hopping Mice (Votomys spp.) from the Austral- 
ian deserts. All three are bipedal, saltatorial, seed eating species similar in col- 
oration with long tails bearing a terminal brush. 


3: Foraging strategies and dietary specialisations 


With over 2000 species spread throughout all six zoogeographic regions and 
occupying all the major niches rodents have consequently diversified to a wide 
range of foraging and dietary strategies. These specialisations have enabled 
rodents to radiate into so many forms and niches whilst reducing competition 
between sympatric taxa. 


Table 4 
Examples of the dietary specialisations related to the ecological niches 
oceupied by Rodents. 


Dietary Rodent Genera inhabiting Ecological Niche 


Fruit — | Dasyprocta 


Ed — (sea- Lm yergus 
sonally) 

Mosses/ 

lichens 

= = Rheomys 

25 Ichthyomys 
In addition to dietary specialisations, ecologically similar species have 

reduced competition by foraging at different times. The Golden Spiny Mouse 

(Acomys russets) has been shown to switch to diurnal activity in sympatry 

with Arabian Spiny Mouse (Acomys dimidiatus). Whilst many tree squirrels 

(Sciuridae) and Dormice (Myoxidae) avoid competing by being diurnal and noc- 

turnal respectively. 


The evolution of basic foraging strategies such as food hoarding have 
resulted in the independent evolution of cheek pouches amongst many unre- 


Arboreal 


Petaurista 


Sciurus 


Protoxerus 


Pedetes 


HERBIVORE 


Lemmus Eupetaurus 


Phenacomys ii Myosciurus 


Blarinomys Onychomys Hyosciurus 


I5" 
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lated rodents from such diverse families as the Sciuridae, Heteromyidae, Geo- 
myidae and Muridae. 

Rodents are often perceived as the ultimate dietary generalists able to 
exploit almost any food source. This may be true of a few species where their 
ecological and dietary flexibility has been instrumental in their success in 
becoming global pests e. g. Brown Rat (Rattus norvegicus) and House Mice 
(Mus domesticus, Mus musculus). However generally it is the specificity of 
diet and foraging strategy that allow so many different rodent species to occur 
together within an area. Within their different ecological niches a number of 
dietary specialisations occur, some of which can be seen in Table 4. 

Some apparent niches are not occupied largely by virtue of apparent con- 
tradictions, thus an arboreal root feeding species or fossorial fish feeder would 
find its niche and dietary specialisation in conflict. 


4. Seasonally varying diets 


For many species a variety of different food items make up the natural diet. In 
some habitats, particularly aseasonal ones, these are eaten totally opportunis- 
tically. However for many species the diet changes through the year reflecting 
resource availability and an active change in foraging strategy. 

An increase in the amount of insect food eaten during the summer is com- 
mon among many temperate mouse and rat species e.g. Wood Mice (Apodemus 
Spp.) and Deer Mice (Peromyscus spp.). However in some species much more 
definite and complex sequences of dietary change occur during a year. Very lit- 
tle is understood of the morphological or physiological adaptations that allow 
this dietary switching to occur. 

The aquatic form of the Water Vole (Arvicola terrestris) undergoes major 
seasonal changes in foraging, for the summer months it is a foliage cater con- 
suming aquatic macrophytes above ground but from October until February it 
is largely fossorial feeding mainly upon roots and tubers (Jordan 1996). The 
Mongolian Five-toed Jerboa (Allactaga sibirica) is a hibernating species that 
feeds upon seeds and foliage after awaking from hibernation, switches largely 
to a diet of insects for the summer but then feeds extensively upon roots pre- 
hibernation (Naumov & Lobachev 1975). Another hibernating species that 
progresses through a series of dietary changes is the Hazel Dormouse (Mus- 
cardinus avellanarius). In the spring it feeds on the pollen and flowers of a 
succession of flowering shrubs before feeding upon insects and fruit in the 
summer, prior to hibernation they eat mainly tree seed. 


9: Captive manipulation of foraging 


Within a large number of zoological collections the diversity of rodents is poor- 
ly known and even more poorly displayed. Despite the large variety in natural 
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diets and foraging ecology amongst rodents, most species are still fed in cap- 
tivity with extremely limited diet and food presentation techniques irrespective 
of their ecological niche and dietary specialisations. Seasonal variations within 
the diet offered in captivity are very unusual despite the fact that most species 
undergo some form of seasonality in the wild. For the majority of rodents cap- 
tive feeding consists of either a seed mixture fed in a static food bowl or rodent 
pellets fed via a hopper. 

Rodents have the potential to be much more effectively displayed if their 
natural foraging behaviours are utilised, as well as enhancing the welfare of 
the individuals themselves through environmental enrichment. Generally the 
absence of invertebrate prey in the diet causes a reduction in the amount of 
time spent active. The Fat-tailed Duprasi (Pachyuromys duprasi) for exam- 
ple, is a voracious hunter in the wild in North Africa and given a regular supply 
of live insects and molluses demonstrates much higher levels of activity, dis- 
playing active hunting behaviour. 


others 5 % 


Diprotodont 7 % 


Artiodactyla 6 % 


Paramelemorph mS 
3% im 


Carnivora 3 % 


Rodentia 
53% 


Chiroptera 
15 % 


Insectivora 7 % 


Fig. 2. Mammal species IUCN categorised as extinct (1996) excluding ‘extinct in the 
wild’ species (total species = 86). 


Many species in the wild spend much of their foraging time engaged in 
locating and handling food items. It has been estimated that Red Squirrels in 
Scots Pine (Pinus sylvestris) forest need to eat up to 150 cones a day to fulfil 
their energetic requirements, which can take up to 6 hours of foraging. This 
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same energetie requirement is met in captivity in less than 45 minutes, feeding 
on high-energy seeds and nuts in a bowl. Generally scatter feeding and avoid- 
ing shelling or peeling of items both increase the amount of time spent foraging 
and hence the visibility of captive rodents. 


others 8 % 


Cetacea 1 % 
Lagomorph 1 96 
Diprotodont 3 % 
Artiodactyla — 
6 9/o 
Primates 
9% 
Carnivora 
6% 
Insectivora 
14 % 
Chiroptera 
21% 


Fig. 3. IUCN threatened species of mammal (1996) (total species = 1096). 


Many small mammals naturally select to feed under cover avoiding pro- 
longed feeding bouts in the open where their risk of predation is increased. 
This strategy in captivity means that often food items are removed to a place of 
safety before being consumed out of the public view. Chopping food items up 
into smaller pieces, which can more easily be handled and removed by rodents, 
exasperates this display problem. Thus a diced apple is readily carried of in 
small pieces and eaten under cover by small rodents whilst the same animals 
will readily feed for much longer in the open if the apple is left whole. Con- 
versely in some species there is a critical seed size below which it does not ben- 
efit animals to expend the energy in carrying the seed away prior to feeding. 
Some Jerboas will feed on very fine seed such as millets ‘in situ’ whilst larger 
seeds such as peanuts are generally carried away and fed upon out of view. 
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6. The future of Rodents in zoos 


Zoos are coming under increasing pressure to work closer towards conserva- 
tion, to enhance their educational value and to constantly improve the welfare 
and display of their animals. To this end small mammals have an increasing 
role to play within zoos. Fifty-three percent of all recent mammalian extinc- 
tions have been of rodents (Fig. 2) and there are more rodent species currently 
categorised as threatened by the IUCN than for any other mammalian order, a 
total of 330 species (Fig. 3) (IUCN 1996). The requirement to adequately under- 
stand and cater for the dietary and foraging needs of captive rodents goes be- 
yond purely display. Nevertheless it is through good displays that greater 
awareness of the diversity and status of so many species will be met. Zoos must 
therefore work towards understanding natural foraging and optimality theo- 
ries in the wild in order to manipulate and enhance their displays and improve 
welfare in captivity. 
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The structure of digestive systems 
in the feeding of mammals: 
a comparative approach 


Abstract 


Phylogenetic development and structural adaptations determine op- 
timal utilization of species-specific feeds, and set feeding intervals. 
This basic rule is frequently ignored in zoo nutrition. Economy-based 
compromises must embrace natural conditions again and take into 
consideration complex processes of adaptation to plant defense sys- 
tems and seasonal adaptations/restructuring of the digestive tract. 
The relatively simply structured and short carnivore system is ro- 
bust in comparison with herbivore systems. Hindgut fermentation 
systems show great phylogenetic diversity (rodents, lagomorphs, hy- 
rares, perissodactyls, proboscids etc.) but less adaptive plasticity 
than foregut fermenters (kangaroos, camelids, tragulids, rumi- 
nants). In zoo nutrition the complex system of salivary glands is un- 
derrated and poorly understood, and appear to utilize their multiple 
function cascades in species browsing on chemically protected (‘an- 
tinutritive’) plants, not, however, on prefabricated feeds. Similarly, 
the evolutionary differentiation and co-evolution of ruminants and 
their main forage plants, as expressed in morpho-physiological var- 
zations of several portions of their digestive system, is apparently 
evened out by standardized feeds with negative long-term results. 


The importance of selectivity, seasonal adaptations and the limited 
capabilities to digest cellulose for most smaller herbivores (> 3 kg, 
< 100 kg body mass) is emphasized. Metabolic adjustments to pho- 
toperiodically induced availability and digestibility of forage 
plants, regresston and atrophy of absorptive structures, cyclic re- 
structuring and hypertrophic response to abundance of freely chosen 
(selected) nutrients can hardly be simulated under zoo regimes. They 
must be taken into consideration however, in order to prevent long- 
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term maladaptation (especially of selective ruminants), breakdown 
and irreversible destruction of macro- and microstructures of a di- 
gestive system originally ‘designed’ for alternative physiological op- 
tions (e.g. bypass of soluble nutrients). The widely observed fallacy of 
generalizations, ignoring feeding type in favor of body mass only 
(which, in turn, is transformed into grossly standardized, prefabri- 
cated feeds), has been documented frequently to be an unpredictable 
development, from initially compromising nutritional physiology to 
finally causing irreversible and fatal pathological processes. There is 
sufficient structural evidence that 200 nutrition, by necessity artifi- 
cial, is a troublesome however rewarding biological art, that can also 
easily be harmful to captive animals and is thus ethically doubtful. 


Keywords 


seasonal adaptation, feeding type, plant defense, 
fermentation, salivary glands, co-evolution, selectivity. 


1. Introduction 


Mammalian phylogenetic development shows increasing differentiation of the 
digestive system from carnivores (including insectivores) via omnivores to her- 
bivores. 

The focal points are 


* Feed prehension and mastication apparatus 
* intestine, especially hindgut 
* stomach with (oral) salivary glands 


In herbivores complex co-evolutive processes of adaptation have occurred 
to make use of abundantly available forage resources (e. g. grass or browse or 
both feeding types), cope with plant defense systems (e. g. tannins: by specific 
salivary binding proteins) and seasonal changes of plant digestibility (matura- 
tion) and availability (e. g. growing season vs. dry season in the tropies and 
subtropies; growing season vs. winter in northern climates). 

The digestive tract of wild mammals is constantly exposed to multiple stim- 
uli (on tissue, cellular, moleeular level ) under natural foraging conditions. The 
relatively simple and short gastro-intestinal tract (GIT) of carnivores (e. g. 
canids, felids, bears etc.) is robust in contrast to most herbivore systems as is 
shown schematically on Fig. 1 using dog/wolf and equines as extreme exam- 
ples; both having a single (unilocular) stomach. 

Since the most striking differences, with enormous practical conse- 
quences, are found in the hindgut region, some details are provided. 
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Comparison between large intestine homologues of the dog (A) and the horse (B); 
schematic diagram redrawn and altered from Dyce et al. 1987. 

1: caecum (dotted); 2: colon ascendens; 3: colon transversum; 4: colon descend- 
ens; d: duodenum; i: ileum; j: jejunum; Id: left dorsal portion of col. asc.; lv: left ven- 
tral portion; rd: right dorsal portion (terminal fermentation chamber); s: stomach; 
the hindgut bottlenecks are marked by arrows and asterises: * caeco-colic orifice, 
** pelvic flexure, *** colon transversum constriction: 
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2. Comparative morphology and functional-adaptive differentiation 
of the large intestine in mammals 


The starting point of differentiation is the embryonic gut primordium from 
which the intestinal loop (fore-, middle- and hindgut), and subsequently the in- 
testinal flexure is formed around the cranial Mesenteric root/artery; these 
processes induce elongation of the intestinal tube (mainly of the colon ascend- 
ens section in ungulates ). 

The ratio intestinal length: body length (5:1/dog, up to 27:1/sheep) is func- 
tionally less important than the proportion of the hindgut of total intestinal 
length (90): wolf/dog 12 %; bovini/cattle 18 %; many small grazers/sheep 20 %; 
wild, boar/pig 19-21%; equids/horse 20%; goat and several intermediate 
mixed feeder (IM) antelopes 25 96; roe deer and several small concentrate 
selectors (CS) 30-35 96; exceptions are springbok (IM): 32 96, reindeer (IM): 35- 
40 9o; muskox; oryx (GR): 40-41 96. In all these species, the spiral colon is elon- 
gated providing extreme adaptation for reabsorption/recirculation of water, 
nutrients and minerals (see also Hume and Warner 1980). 

Sectional widening of the GIT, resulting in a capacity increase, is a feature 
of all ungulates creating diversion of ingesta flow. A delay or increased reten- 
tion is achieved this way even without any major differentiation of the intesti- 
nal wall (e.g. widened however smooth caeco-colon distal fermentation cham- 
ber (DFC) in ruminants). 

Some specific structural adaptations are: 

a. regular change of diameter in taenia-equipped sections, forming haustra 

(pouches) and semilunar folds, considered to be flow-regulating devices 

(Langer 1984, 1988); 


b. abrupt constrictions following widened fermentation portions, with back- 
stopping/congestion effect (Hofmann 1986); 


c. flow-separation/nutrient concentration mechanism due to specific differen- 
tiation of a) and b), e.g. in equids, rhinos and proboscids (Björnhag 1987); 

d. flexible differentiation of the tunica muscularis in response to specific 
feeding habits and seasonal changes in fibre contents of ingesta (Ludwig 
1986) 


(Main adaptive target sections are caecum and colon ascendens, not so much 
colon transversum or colon descendens). 

Great plasticity and adaptive flexibility can be observed also at the micro- 
scopic and ultrastructural level. There is a gradually increasing percentage of 
mucus-releasing, non-absorbing goblet cells caudad, thus reducing the propor- 
tion of the actively absorbing surface cells furnished with a seam of microvilli 
(lodging various transport enzymes). 

There is an exception where more surface than goblet cells in ruminant 
DFC are due to increased short-chain fatty acid (SCFA) absorption in this por- 
tion of the hindgut (Lackhoff 1983). The hindgut musculature (two-layered 
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Tunica museularis) is thickest in grass and roughage eating (GR) species, and 
weakest in CS and there are distinct seasonal changes. The hindgut mucosa (T. 
propria) is thickest in GR, with a Surface Enlargement Factor (SEF) of 15-22 x, 
while CS it is always thinner, SEF 10-18x (irrespective of body mass). 

There are seasonal changes of length and width of intestinal erypts, but 
number and proportion of crypts are constant: this points to a species-specific 
micro-architecture (Ludwig 1986). The LML = luminal mucin layer (deposited 
onto the enterocytes) provides specific microclimate for intestinal microbes 
and enhances absorption of SCFA (“diffusion barrier"). 

Unlike foregut fermentation systems (where stomach mucosa is nonglan- 
dular and buffering agents (serous saliva) flow in from the head region via 
esophagus), hindgut fermentation systems depend upon intracellular buffer 
systems (ovoid granules in basal crypt cells) which have been described by 
Becker and Wille 1988. Zonulae occludentes of intestinal surface cells adjust 
both permeability and the absorption of nutrients and minerals (Luciano et al. 
1984). 

The structural principle delaying the directed flow of ingesta in order to 
permit cellulolytic bacteria to break down structural carbohydrates and set 
SCFA free has been realized in the mammalian GIT to varying degrees. The 
ruminant stomach is the peak of stomach evolution, while the hyrax intestine, 
with its repeated changes from widened (fermentation chamber) sections to 
constrietions or tubelike portions, is an extreme example of hindgut differenti- 
ation. (Fig 2) 


3. Ruminants - highly differentiated latecomers in evolution 


Irrespective of the fluent situation in the taxonomy of ruminant species, there 
are about 180 extant ruminant species which began to take shape in the Terti- 
ary period. As the modified cladogram shows (Fig. 3), there are about three 
times more bovid than cervid species. 

While several species, both cervid and bovid, retained morphophysiological 
features of the ancient or original ruminants evolved well before cellulose 
became the most abundant structural carbohydrate on earth, ruminant evolu- 
tion was stimulated immensely following the radiation of grasses, especially in 
Asia and Africa. This happened almost continuously as from the Miocene 
period (14-12 million years from present) and resulted in the great diversity of 
the Suborder Ruminantia which has, in its present form, persisted as from the 
Pliocene for about 2 million years, including the glacial (North) and dry (South) 
periods. These must have added to the robust digestive system adaptations, 
climatic and seasonal adaptations as expressed in specific nutritional survival 
strategies, both in the tropical/subtropical and northern environments. 

Before considering details of digestive tract adaptations, zoo nutritionists 
must remember that over vast evolutionary periods, plants have developed 
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Fig. 2. Stomach and intestine of Heterohyrar syriacus (Hofmann in: Lackhoff 1983) 
a: oesophagus; b: blindsae (proventricular portion); c: fundus; d: pyloric por- 
tion of stomach; e: cut surface of cranial mesenteric artery; 1,2: duodenum; 
3: jejunum; 4: ileum; 5: caecum (with blindsacs, haustra and taeniae): 6-11: 
ascending colon (6: thickwalled, tight portion, 7: unpaired blindsac, 8: thin- 
walled, wide proximal portion, 9: thinwalled, wide distal portion, 10: paired 
colonie blindsaes, 11: stomachlike colonie dilatation); 12: traverse colon: 
13: descending colon; 14: rectum. Thin arrows indicate flow of ingesta, thick 
arrows: anatomical constrictions. 


defence strategies and thus have confronted herbivores with considerable 
pressure not to lose their forage choice. 

The interaction of plants with plant-eating ungulates in fact amounts to a 
predator/prey relationship; plant defence against herbivory can be a) mechan- 
ical or b) chemical or c) both! Examples of the former are thorns, spikes, barks 
and changes of plant cell wall (PCW), e.g. lignification of structural carbohy- 
drates (e.g. cellulose). Chemical defenses can be 'taste-spoilers' (bitter tasting 
secondary compounds). Antinutritiva' and poisons (e.g. alkaloids, lupinin etc.) 
most frequently occur in diterpenes (e.g. in conifers) and various polyphenolic 
compounds, especially condensed tannins (ct) and hydrolysable tannins (ht) in 
deciduous trees and bushes. All these plant secondary (i.e. metabolic) com- 
pounds are part of plant cell contents (PCC). 

The herbivores' response to the threat of reduction of their diverse forage 
choice were evolutionary counter-adaptations: cornification and papillation of 
oral mucosa epithelium (lips, tongue, cheeks, palate incl. dental pad); modifi- 


168 


The structure of digestive systems in the feeding of mammals 


Ruminants (Suborder Ruminantia) 
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45 Mill. 


(Cladograph by TODD, 1995; 
modified by RRH) 


Fig.3. Phylogeny of ruminants and their diets. 


cation of incisor and cheek teeth; modification of salivary glands; development 
of forestomach fermentation, which enhances detoxification of many plant poi- 
sons; development of specific salivary binding proteins forming harmless com- 
plexes, e.g. with condensed tannins, (later in evolution lost in grass and rough- 
age eating ruminants only!). 

All these adaptations are prime examples of co-evolution between potential 
forage plants and ruminants. 
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4. Ruminant Digestion 


The primary advantages of ruminant digestion are that structural carbohy- 
drates (cellulose, hemicelluloses) can be digested by special rumen bacteria; 
the larger the rumen, the more effieient in cellulolysis (long mean retention 
time, MRT). Ruminants survive well on low protein feeds because they convert 
low quality plant proteins to easily digestible bacterial protein. Rumen mi- 
crobes also synthesize sufficient amounts of water-soluble vitamins for the an- 
imal and inactivate several poisons contained in forage plants. Therefore 
ruminants do not depend on high quality protein (due to the microbial conver- 
sion in forestomach), and hence feeding of such protein is unnecessary and ex- 
pensive. 

There are also disadvantages. Microbial metabolism uses feed energy 
which is lost for the host animal. Such losses are higher, the more digestible 
high quality feeds/forage are. Rapid and excessive formation of volatile fatty 
acids/short chain fatty acids (VFA/SCFA) from easily digestible carbohydrates 
is a regular risk, resulting in acidosis, especially if abrupt changes of forage 
quality occur. Overabundant feed protein is a heavy burden for the liver and the 
energy balance due to excessive ammonia formation in the ruminoreticulum. 

Allometry purists, in spite of obvious forage choice differences between 
ruminants and multiple, group-typical differences in ruminant digestive tract 
anatomy and physiology, maintain that their body size model explains such dif- 
ferences better than feeding type similarities and argue especially against the 
term "concentrate selector" as introduced by Hofmann and Stewart 1972. 

On the other hand, the widely used term "Browser" merely describes 
ambiguously a certain foraging behavior (e.g. to pluck foliage off bushes or 
trees) and vaguely also the type of feed (e.g. non-grass, dicots?). It does not suf- 
ficiently/exactly reflect the morphophysiological differentiation of 180 rumi- 
nant spp. (anatomy of hard and soft tissues, functional sequences and digestive 
strategies). Many authors , therefore, retain the term introduced by us of Con- 
centrate selector (CS). This refers to herbivores which are determined to 
choose their specifie forage based on quality criteria, from the (dicot) plants 
available to them in their habitat/range; they clearly show preferences and 
avoidance. Concentrate selector (CS) also means such herbivores are selecting 
plants or plant parts (e.g. juicy foliage, leaves, forbs and fruit) with concen- 
trated contents of freely/easily available and digestible nutrients, i.e. mainly 
plant cell contents and little plant cell wall, especially fibre. 

The term CS does not, however, refer to industrial (prefabricated) animal 
feeds, e.g. unstructured *concentrate" pellets or cereal feeds. 

In their comprehensive treatment of controversial questions in relation to 
the complex system, the digestive strategies and limitations of ruminants, Van 
Soest et al. (1995) have shown that ruminants « 100 kg must compensate for 
energetically insufficient fermentation products. 

In this context, striking structural differences, i.e. muzzle width, hypsod- 
onty, salivary glands (esp. parotids), rumen size and retention structures, vol- 
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ume of the distal (caeco-colic) fermentation chamber and the development of 
the spiral colon, offer many avenues for ruminants in various climatie zones 
and contrasting environments, to modify the system “blueprint” (Hofmann 
1998) and to optimize nutrient intake and utilization. Comparison between 
ruminants of similar body size but contrasting feeding type, such as the exten- 
sively studied cervid roe deer (Capreolus capreolus) and the European mou- 
flon (Ovis ammon musimon), can demonstrate allometrically independent 
feeding type differences which, meanwhile, are well supported by physiological 
data (Fig. 4). 

Ruminant evolution and feeding type differentiation amongst African 
bovids and giraffids reflects the diversity of different savanna types and 
includes a body mass range from c. 3 kg to > 1000 kg (Fig. 5, Hofmann 1973). 

The conventional differentiation of ruminants considered the higher 
energy demand of smaller species, but by gross generalization all ruminants 
were (and frequently are) looked at as forestomach fermentation specialists, in 
which fibre digestion is "typical", i.e. efficient (which is wrong). Original die- 
tary niches, even if classified rather simply as those of grazers or browsers, did 
rarely find sufficient consideration in zoo feeding regimes - the most economic 
approach was (and sometimes is) to feed pellets originally established in ani- 
mal production, i.e. for the GR species cattle and sheep. 

As is the ease with many experimental animals, be they white-tailed deer 
or red deer, standard rations (provided also for many zoo ruminants) with iden- 
tical fibre-rich diets for GR and IM (and frequently also CS!) will induce micro- 
bial activities which are similar or identical. In such cases, differences in the 
efficiency of plant cell wall digestion will mainly rest upon MRT. Such a compar- 
ison, which was made by Robbins et al. (1995) and to which Gordon and Illius 
refer repeatedly, is totally artificial since it forces a feeding regime upon CS 
which is unnatural and does not reflect their selective way of foraging. As Tix- 
ier et al. (1997) have shown for roe deer (a typical CS), these ruminants avoid 
plant cell wall (PCW) and their MRT is short — due to anatomical conditions 
completely different from GR. Their cellulolytie mierobes are at a disadvantage 
and the cellulolytic activity both in rumen and DFC is reduced. 

This was shown by us (Deutsch et al. 1998) again in roe deer (Fig.6), but it 
is by no means restricted to this small CS species. Ingesta passage from the 
rumen is linked to the selective retention of particles which have to undergo 
mierobial fermentation. 

Lechner-Doll et al. (1990) have, in this context, introduced as a working tool 
for nutritionists the ‘ruminant ingesta selectivity factor’ (SF) which is 


rumen MRT of particles < 2 mm 
rumen MRT of fluids 


On table 1, according to my own classification, data from 3 CS species, 2 IM 
and 3 GR of a body mass range from 20 kg to 800 kg are compared. The short- 
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Ruminants: Concentrate selector 20-30 kg 


——— DFC large 


rapid passage, 


short retention 
ime DM’ 


Large Intestine: 
27-35% of 

total in- 
testinal 

length 


i. ít 


DFC small 


LÀ long retention time 
DM X 


Large 
intestine: 
18-20% 
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intestina! 
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Fig. 4. Comparison of salivary/glands, stomach and gut anatomy between concen- 
trate selectors and bulk/roughage feeders. 


est MRT and the closest SF ratio was found in CS irrespective of their vast size 
differences, while the longest observed was in the GR domestic cattle. 
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AFRICA: Ruminant feeding types 
(Hofmann 1973) 
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Fig. 5. Feeding types of African ruminants. 
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Fig. 6a. Seasonal changes in cellulolytie activity in the reticulorumen (RR) and caeco- 
colon (CC) contents of roe deer (Deutsch et al. 1998, mean +SD). Cellulolytic 
activity was measured in enzyme extraets of contents using the liberation of a 
dye complex from stained cellulose as an indicator of cellulose activity. 
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Fig. 6b. Seasonal changes in the cellulose concentration in the rumen contents of roe 
deer (mean +SD, Deutsch et al. 1998). 
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Table 1 
Ruminant ingesta selectivity factor, SF (Lechner-Doll et al. 1990) 


> Rumen MRT of particles « 2 nm: 
Rumen MRT of fluids 


Roedeer (natural forage) Deutsch 1998 


Reineeker and Hudson 1990 


CS:  Elk/moose (lucerne hay) 


(aspen foliage + 1. hay) 


Mouflon (natural forage) Deutsch 1998 


Wapiti (lucerne hay, winter) Reinecker and Hudson 1990 


(lucerne hay, summer) 


IM: dom. Goat (thornbush savanna 2.06  |Lechner-Doll et al. 1990 
pasture) 


GR: dom. Cattle (thornbush savanna Lechner-Doll et al. 1990 
pasture) 


(grass hay) 


CS: Giraffe (browser breeder pellets) | 1.29-1.47 | Claus 1998 


According to Illius and Gordon's (1991) allometric (generalizing) equation 
for ruminant passage rates, giraffe MRT should be 80-90 h, but were measured 
by Claus (1998) to be 34-48h only. 

The giraffe stomach anatomy was described (Hofmann 1973) as lacking in 
ingesta delay structures, and so was the moose stomach (Hofmann and Nygren 
1990). 

In relation to the zoo feeding of large concentrate selectors (CS) and their 
problems with fibre digestion, the conclusions should be, that lower quality 
browse is acceptable to giraffes, but high fibre grass and legume hay is not (e.g. 
formation of “phytobezoars” near the pylorus). It is not possible, nor accepta- 
ble to feed giraffe and moose (and other large CS) on hay alone (Foose 1982) 
because of their inherent low fibre digestibility and short passage rates. 

Large browsers in the wild, especially the giraffe, avoid stem material and 
select for tree leaves (Owen-Smith 1991). 

Zoo nutritionisis must always be conscious of the fact that most wild rumi- 
nants are, irrespective of feeding type or specific ecological niche, selective in 
their forage choice and that, on free range, they can solve problems of varying 
digestibility by mixing various forage plants or plant parts to serve their 
(mixed) microbial population. In feeding standardized rations over long peri- 
ods, zoo nutritionists are completely eliminating these adaptive foraging 
behavior traits. 

In spite of recent attempts to invalidate the feeding type system as pro- 
posed by us and used in many places, I briefly repeat the type differences, 
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based on morphological differentiation criteria with considerable physiological 
consequences. 

Early evolved ruminant species e.g. roe deer, muntjac, duikers, moose, 
kudus etc. are approximately 40 % of all extant ruminant species. They have to 
cope with insufficient/inefficient fibre digestion in the rumen due to ‘rapid’ out- 
flow/short retention (also added to by ‘ruminal escape’ of hemicelluloses and 
some sugars). Their abomasal mucosa is distinctly thicker than that of GR 
(Axmacher 1987). It provides HC] maceration of foliage-structural carbohy- 
drates in the abomasum. Ingesta, esp. foliage hemicelluloses are prepared for 
microbial digestion in the ‘distal fermentation chamber’ i.e. the relatively capa- 
cious caeco-colon. This results in a bilocular, fractionated microbial fermenta- 
tion in the proximal and distal fermentation chamber (PFC + DFC); such rumi- 
nants primarily select dicots (inflorescences, leaves, seeds, fruit) of low fibre 
contents, however rich (concentrated) in nutrients, which are easily digestible 
and relatively high in digestible proteins. Such ruminants were classified, irre- 
spective of body mass, as concentrate selectors (CS). This group does not 
include any properly domesticated species. CS are either fruit and dicot selec- 
tors (lower bm limit: 3 kg) or tree and bush foliage selectors (e.g. moose, kudu, 
gerenuk, giraffe, okapi). 

Later evolved ruminant species, e.g. all sheep species, grass savanna ante- 
lopes, bisons, all Eurasian and African Bovini, are well capable of breaking 
down high fibre forage mainly in their large or very large rumino-reticulum. 
Their forage constituents are predominantly monocot Gramineae (grass). A 
long mean retention time (slow cellulolysis) for fibre particles caused by ana- 
tomical barriers, results in efficient conversion also of low quality forage. They 
were termed grass and roughage (bulk) eaters (GR). They make up 25 % of all 
extant species. Of course, larger species are more efficient in fibre digestion, 
but forage choice and anatomical criteria distinguish them clearly from CS. 
Species domesticated include the sheep, cattle, water buffalo, yak, gayal, ban- 
teng. Although the earlier mentioned limitation of smaller species is to receive 
sufficient energy from fermentative digestion, the lower body mass limit in GR 
is 3-4x higher than in CS at about 15 kg (Oribi). 

There is a considerable number of ruminant species which always forage 
selectively but opportunistically an a mixed monocot/dicot diet. They adapt sea- 
sonally between CS « » GR to changing forage quality and availability (compen- 
satory effect), sometimes by migration, usually inducing less adaptive changes of 
the digestive system than in GR or CS. They initially also avoid forage plants rich 
in plant cell wall/fibre. They are widely distributed, usually middle-sized species, 
biologically highly successful, with many regional variations: e.g. red deer /wap- 
iti (Eurasia, North America); impala (all Africa south of Sahara); true gazelle 
species of Africa and Asia; all Caprini (Eurasia, America). 

These ruminants were termed (Hofmann and Stewart, 1972) intermediate, 
mixed feeders (IM) and make up 35 % of extant species. Species domesticated 
are the goat, partly domesticated reindeer and selected for domestication were 
fallow, red, and sika deer. 
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Presumably more recently (in the course of glaciation or afterwards) sur- 
viving and re-radiating ruminants, in co-evolutionary processes with their for- 
age plants, developed in their digestive system potentials for further differenti- 
ation (in some cases "cyclic", temporary changes) under seasonal influence: 
this resulted in cyclic seasonal adaptation of the digestive svstem. 

Changing forage quality determines passage and digestion rates and for- 
age availability influences intake rate. There are also ecophysiological or mor- 
phologicial considerations. Body mass factor is partly overruled bv morpho- 
physiological feeding type differentiation (CS, IM, GR), i.e. evolutionary adap- 
tation. Adaptive variations (species-specific) of all parts of the digestive 
system, especially forage selection and prehension apparatus, providing spe- 
cific advantages over other (sympatric) herbivore species, resulting in 
resource division. Evolutionary differentiation and variation of the ruminant 
digestive system ‘blueprint’ has provided its extant carrier with 3 options, 
which according to feeding type are progressing or decreasing (Fig. 7). Thev 
can be described as a monogastric digestion via ventricular groove (bypassing 
the fermentation system) directly into abomasum/duodenum; hindgut micro- 
bial fermentation and digestion (located in the eaeco-colon) with SCFA absorp- 
tion by intestinal mucosa; or foregut fermentation and digestion (located in the 
rumino-reticulum) via SCFA absorption by rumen papillary mucosa, in IM and 
GR increasingly also omasal laminar mucosa. 


Wild, free-ranging RUMINANTS: selective IM and CS 


avoid fibre-rich (PCW) forage but „tolerate“ 
(more or less) tannins > 
specific salivary binding proteins (in GR missing!) 


* Original constraint: Plant secondary compounds 
(PSC) + “solved‘“!? 
* Major remaining Plant cell wall (PCW) 


constraint: 
* Main selection target: Plant cell contents (PCC) 


MT 


“ ruminal escape They optimize 


utilization of the 


i hemicellulose Hindgut | plants they select 
ventricular |: jur in three alternating 
groove oe ree) or additive ways: 

solubles 
enzymatic 12 3 


Forestomach abomasal | ©reu 
fermentation «intestinal 
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Fig. 7. Dietary adaptations of selectively feeding ruminants. 
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In zoo nutrition of herbivores and omnivores, selectivity is highly reduced 
and the physiological (or metabolically induced) foraging frequency/feeding 
rhythm has been changed. There is a lack of stimuli to trigger the sequence/ 
cascade of physiological, biochemical and morphological responses acquired 
("programmed") during co-evolutionary processes, e.g. increased saliva flow 
(and binding protein release) in response to mastication of tannin-containing 
leaves; development of more and longer ruminal papillae in response to (new) 
availability of plant cell contents (PCC) and higher fermentation rates (growing 
season!) via increased blood flow/extended capillary system (hypertrophic 
growth/absorptive surface enlargement, SE); seasonal regression of ruminal 
(similar: intestinal) papillae in response to increasing lignification of PCW at 
the expense of PCC (atrophy/reduced SE) following microbial adjustments (dry 
season/winter); the adaptation period is approximately 2-3 weeks of morpho- 
logical reconstruction of the mucosa (following adjustments of the microflora); 
increased cornification of oral and forestomach mucosa (epithelium) in dry 
season/winter in response to more fibrous forage; and elongation of intestine 
and hyperplasia of gut musculature in response to fibrous dry season/winter 
forage. 

Some of these processes ean be simulated even under zoo conditions. On 
the other hand, zoo animals which have been maintained, sometimes over long 
periods, on standardized feeds or ignoring feeding type have been shown to die 
suddenly with no obvious signs of disease. 

Pathologists have, for a long time, directed too little of their attention to the 
morphological state of the forestomachs, both on the macroscopic and micro- 
scopic levels. 

In a detailed study using the stomachs of 67 zoo-fed ruminants from 29 spe- 
cies (Marholdt 1991; Marboldt and Hofmann 1991) in comparison with data 
from free-ranging, wild ruminants we were able to show that literally all zoo 
ruminants (representative groups of all 3 feeding tvpes) had drastically 
reduced rumen papillary surface enlargement factors (SEF) due to acidotic 
alterations, several had microabscesses, erosions etc. (Fig. 8). 

In his histological assessments, Marholdt (1991) established a series of cri- 
teria for evaluation of the functional stage of the ruminal (papillary) epithe- 
lium. He distinguishes at pH 7 and 6 (all irrespective of feeding type) resting 
and absorptive papillae, at pH 5 and 4 hyperfunctional papillae (e.g. with 
increased superficial “balloon” cells) and finally, below pH 4 “protective” (usu- 
ally round or cauliflower-like) papillae, when acidosis amounts to a chronic dis- 
ease condition and finally becomes lethal. 

Constantly lowering rumen pH by energy-rich, easily digestible feeds with 
high protein contents eventually induces pathological changes (first in the 
rumen micropopulation, secondly in papillary shape and number, finally in 
inflammatory alterations). Short term lowering of pH is physiological, espe- 
cially in CS immediately after intake of PCC-rich, easily digestible forage; con- 
stant exposure, however, under non-selective (captive) conditions will initiate 
and establish a detrimental process which is only initially reversible. 
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OVF/SEF 


L—3 Zoo 
Wild 


Fig. 8. Comparison of average surface enlargement factor (SEF) of ruminal papillae 
from 29 species (» = 67), 3 similarly sited feeding type groups (from Marholdt 
1991). 


In conclusion, zoo nutrition must always receive its principal orientation 
from evolutionary adaptation, ecophysiological nutritional niche and seasonal 
sirategies of the species concerned. Zoo feeding regimes are by necessity arti- 
ficial, yet our advanced knowledge of herbivore digestive systems, their adap- 
tive range as well as their obvious limitations demand other than economie 
decisions. In this latter respect, it is difficult and troublesome to establish a 
herbivore feeding regime which is at least considering if not simulating the ani- 
mals' specific adaptive options. 

Wrong feeding is harmful to captive animals of such high evolutionary dif- 
ferentiation and thus ethically doubtful. Ultimately, feeding regimes accommo- 
dating biological and evolutionary considerations are also less expensive. The 
nutritional status is linked to behavior, reproduction, and disease. Zoo nutri- 
tionists carry an enormous responsibility for the well-being of the animals, pro- 
vided they are masters of the rewarding art of transferring biological knowl- 
edge into the practice of feeding captive wild animals. 
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Variation in energy intake in Eurasian 
otters (Lutra lutra): Effects of lactation 
and seasonal changes 


Abstract 


Otters are large consumers, daily food intake can mount up to 15 96 
bodyweight in wintertime, or up to 28% bodyweight during lacta- 
tion. In order to investigate variation in energy intake related to 
changing seasons and lactation, the food intake of 4 Eurasian otters 
kept at the Otterpark AQUALUTRA was monitored over a period of 
one year (including a hot summer and a severe winter) and of six 
months respectively. As Eurasian otters are kept in many countries 
in Europe, with very different climatic circumstances during the 
year, data on average temperature during the test period were col- 
lected, in order to be able to give more specific advise on gross ener- 
gy intake related to average environmental temperature. Sugges- 
tions on how to increase the amount of food offered to a lactating fe- 
male otter are also given. 


. Keywords 


Nutrition, Lutrinae, Diet, Food intake 


1. Effects of seasonal changes on energy intake 


Otters are large consumers, daily food intake is reported to mount up to 12 % 
bodyweight in wintertime, or up to 28 % bodyweight during lactation (Duplaix- 
Hall 1975; Kruuk 1995; Wayre 1979). Most studies into quantity of food eaten do 
not take into account the energy content of the food eaten, and only have taken 
place over a short period of time, thus have not looked at seasonal changes. As 
Eurasian otters are kept in many countries in Europe, with very different cli- 
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matic circumstances during the year, data are needed to enable more specific 
advice on gross energy intake related to average environmental temperature. 
This could then be incorporated in the husbandry guidelines for the Eurasian 
otter. 


E=] Monthly Averaged Daily GE Intake ——7 Monthly Mean 24-hour Temperature 
7000 
6000 


5000 
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GE intake per otter (kJ/day) 
E 
E: 

Mean 24-h. Temperature (°C) 


Months of the year 


Fig. 1. Monthly averaged daily gross energy intake per otter during a one year 
period related to the monthly mean 24-hour temperature 


A study was designed to measure these seasonal changes in food quantity 
intake, thus providing an indication of changes in energy intake. Two adult, 
non pregnant nor lactating animals (1.1) of average body weight (male + § kg. 
female + 7 kg) were housed together in the publicly accessible enclosures of 
the Otterpark AQUALUTRA at Leeuwarden, the Netherlands. comprising 400 
square meters, with !/; surface area of streaming water. Their food intake was 
registered during one year. The animals were fed three times daily a fixed 
amount of food with a two to three hour interval. The quantity was determined 
once a week using the behaviour of the animals in the previous week. As the 
amount of food was increased to the point the animal would not appear on three 
consecutive days from their nestboxes for their last feeding time (indicating the 
food intake for that day had been enough), then the daily quantity of food given 
was reduced. When the animals became too aggressive towards the keepers on 
several consecutive oecasions because of hunger, the quantity of food offered 
was increased to the level where the animals would still appear on all three 
feeding times without showing aggression caused by hunger. In general. this 
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resulted in stable food intake levels for several weeks to months before a 
change was required again. 

The animals were fed a fixed composition diet during this testing period, 
consisting of 2/3 of gross energy intake from freshly thawed mackerel (840 kJ 
GE/100 g as fed, 68 % water) and !/3 of gross energy intake from freshly thawed 
one day old chickens (630 kJ GE/100 g as fed, 73 % water). This made a + 40 % 
chicken / + 60 % mackerel diet mixture, with a + 750 kJ GE/100 gas fed. Nutri- 
tional values are mean values obtained from several sources (Clum et al. 1997, 
Dierenfeld 1997), including the author's own analyses on erude fat, erude pro- 
tein and dry matter on samples of the food offered throughout the vear. During 
the test period the animals maintained their bodyweight at an estimated 8 kg, 
appeared healthy and were behaving normally. Shortly after the testing period 
the female became pregnant and raised a healthy cub. The data were related 
io the other 8 otters housed in other enclosures at the Otterpark, who func- 
tioned as a control group to eliminate the temporary changes in character 
(periodically increased aggressiveness not caused by hunger) which regularly 
occur in otters. For a short period of time (2-6 days) otters, males and females, 
can become more aggressive, perhaps due to hormonal changes. By cross- 
checking the behaviour of the two otters in this test, this influence could be 
excluded and food amounts would not be increased. 

The monthly averaged daily energy intake during a one year period as 
related to the averaged 24-hour day-night monthly air temperature (KNMI 
1995, 1996) is shown in Figure 1. As can be seen, food intake decreases as aver- 
age 24-hour temperatures increase. Energy intake was calculated based on the 
fixed food composition ratio, and calculated by addition of the daily intake of 
the two otters per month, divided by the number of days. The food amount was 
then divided by two, in order to get the food intake for an average otter 
(+ 7.5 kg bodyweight). In this way small fluctuations, caused by a sunny week- 
end in springtime for example, were eliminated. 

During this period, the highest daily average 24-hour temperature was 
+ 25°C (max. day temp. + 32°C, min. night temp. + 18°C), corresponding to a 
minimum daily intake of 450 g of food (6 % of bodyweight, 3375 kJ GE/day) that 
week. The lowest daily average 24-hour temperature was - 13°C (max. day 
temp. - 6°C, min. night temp. - 20°C), corresponding to a maximum daily 
intake of 1050 g of food (13% of bodyweight, 7875 kJ GE/day) that week. 
Monthly averaged food intakes varied between 600 g in summer and 950 g in 
wintertime, while the average 24-hour temperature varied between - 3°C in 
winter months and + 18°C in summer months. 


2. Effects of lactation on energy intake 
The effects of lactation on energy intake were studied in two female otters of 


7 kg estimated bodyweight. They were housed individually in the breeding 
center in enclosures of 200 square meters each, with !/3 surface area of stream- 
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Fig.2. Differences in daily gross energy intake between a pregnant/lactating 
female and a non-pregnant/non-lactating female 


ing water. Both females were fed the same basic mixture diet as described 
above, the quantities of food offered being determined bv the animals in the 
publie enclosures as described before. The animals were fed once daily at the 
end of the day. Both females were housed under comparable conditions in 
adjacent enclosures, and were monitored over a period of six months. During 
this period one of the females was mated, became pregnant and raised three 
cubs successfully. The other female, of approximately the same bodvweight, 
remained unmated and was used as reference animal to eliminate climatie 
effects. 

In Figure 2, the differences in daily gross energy intake between a preg- 
nant/lactating female and a non-pregnant/non-lactating female are shown. As 
can be seen, lactation may cause a rise in mean monthly gross energy intake to 
240 % of the control animal level. Peak weekly food intake increased up to 1800 
grams (26 % bodyweight, 300 % of control animal food intake, since the control 
animals intake was only 600 g of food per day that specific week in month 2 
after birth), or 2200 grams (31% bodyweight, 240 % of the control animal 
intake in month 3 after birth). From the third month after birth the eubs started 
feeding of their own and the mother's food intake slowly decreased. 
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3. Conclusions 


There seems to be a elear relation between the mean 24-hour day-night air tem- 
perature and the energy intake in otters. Otters have a very dense fur that 
gradually loses its protective isolation air layer under water (the bubbles vou 
can see escaping from the fur if an otter dives), therefore it is likely there is a 
closer relation between water temperature and time spent in the water per day. 
But as water temperature will roughly follow the air temperature, air temper- 
ature can be used as a rough indicator. The results indicate that, in winter, the 
amount of food offered should be monitored carefully (weighing the amount giv- 
en and the amount not-eaten daily!) since intake increased in this example up 
io 200 % compared to the lowest summer averaged weekly intake. For lactating 
females the amount increases even more (up to 300 96). This test was conduct- 
ed with a high energy diet, the basic diet of the Otterpark AQUAZ TRA. If fresh- 
water fish is used, the amount of food offered daily will be considerably higher, 
due to their lower energy density. Also the risk of thiaminase should be consid- 
ered in some freshwater species of fish (like carp), eausing hypovitaminosis B1. 
This amount of food can not be eaten in one feed and considering the fact that 
an important component of otter diets (fish) is in general highly perishable, 
husbandry measures are necessary in order to provide the animals with a suf- 
ficient amount of proper food. In winter this means protection of the food from 
freezing, and in summer prevention from becoming sour, combined with offer- 
ing of the food twice or (even better) three times daily. Preventive measures 
against stealing of the food must be taken and accurate daily monitoring of 
amounts given to the animal and eaten by the animal should be performed. 
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Nutrient Intake of 1-4 Week Old 
Suckling Kittens (Felis catus): 
A Model for Artificial Rearing 
of Young Felidae 


Abstract 


This study presents data on the daily milk and nutrient intake of 
the suckling young cat obtained by the water isotope dilution tech- 
nique. During postnatal weeks 1-4, the kittem's milk intake 
remained surprisingly constant while their rate of body growth 
declined from 13.4 g/d in week I to 7.6 g/d in week 4. Published data 
on the composition of mature cat milk were used to estimate the nu- 
trient intake for normal growth and development based on the kit- 
ten’s daily intake of metabolizable energy. Multiple regression 
analysis of the kitten's daily intake of milk energy was shown to be 
highly dependent on their energy requirements for maintenance 
(282 kJ/kgO.r5Pd) and for body growth (847 kJ/g). The values re- 
ported may serve as a useful guide for the artificial rearing of the 
offspriug of small aud large Felidae and for the manufacture of 
high-quality milk replacer. 


Keywords 


Carnivores, Cats, Felidae, Milk intake, 
Nutritional requirements 


1. Introduction 


Assessment of the nutritional requirements of the mammalian young during 
early postnatal life requires detailed knowledge of daily milk intake as well as 
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accurate data on the composition of mother's milk. In the cat, direct measure- 
ments of the milk production of lactating queens are not available and only a 
few data exist, based on repeated weighing of the suckling voung (Dobenekker 
et al. 1998). Moreover, the weigh-suckle-weigh (WSW) method has been report- 
ed to grossly underestimate the daily milk yield due to disturbance of the nor- 
mal mother-young interaction and to inaccuracies in the measurement of small 
weight increments (Oftedal 1984; Pettigrew et al. 1987; Dobenecker et al. 1998). 

We recently measured the daily milk intake of kittens (Fe/is catus) during 
the first four weeks of life, by the water isotope dilution (WID) technique. 

In this report we present the results of this work and estimates of the nutri- 
ent intake of suckling kittens in early postnatal life based on their average daily 
milk intake and published data on the chemical composition of mature cat milk. 

Since the specific nutritional requirements of the suckling voung of most 
Felidae species likely are similar to those of the young milk-fed eat, it is sug- 
gested that the calculated values for essential nutrient intake during the suck- 
ling period may be a useful tool in future work on the artificial rearing of the 
offspring of other Felid species. 


2 Materials and Methods 


The present study conformed to the Massey University Code of Ethieal Conduet 
for the use of Live Animals for Teaching and Research. 

Three lactating queens and their offspring (3 or 4 kittens per litter) were 
maintained in standard metabolism cages and fed to appetite a mixture of 
moist canned cat food and milk throughout the first four weeks of lactation. 
Drinking water was available ad libitum and the animals were weighed at reg- 
ular intervals throughout the study. Each week. the milk intake of 11 kittens (6 
males and 5 females) was measured over a 4-day period by the WID technique 
following a single intraperitoneal injection of tritiated water (THO) in isotonie 
(9 g/L) saline (Wamberg & Tauson 1998). Two kittens, serving as controls for 
the calculation of reeyeling of THO during lactation (Baverstoek & Green 1975) 
were injected with saline only. Milk intake was measured during four periods: 
3-7, 10-14, 17-21, and 24-28 days post partum. The daily milk intake was eal- 
eulated for each kitten from the total water turnover (milk water intake and 
metabolic water) as described by Pettigrew et al. (1987). 

At the end of the 4-week study the WID technique was validated by tube- 
feeding of 6 kittens for 48 h using a milk replacer based on evaporated goat's 
milk and bovine casein. 

The daily nutrient intake of the kittens was calculated from the milk energy 
intake data and the average composition of eat milk. The estimated daily 
energy intake of the kittens was obtained by multiple regression analysis (SAS 
version 6.12, SAS Institute. Gary, NC) with metabolizable energy intake (g/d) 
as the dependent variable and metabolie body weight (ke) and weight gain 
(g/d) as the independent variables. Intake of other nutrients for maintenance 
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and gain of body mass was derived from the energv intake values for mainte- 
nance and gain. 


3. Results 


The queens and kittens remained healthy throughout the study. The mean body 
weight of the queens and their offspring and the average rates of body growth 
and daily milk and energy intake of the kittens are shown in Table 1. The kit- 
tens gained body weight during the entire study with the largest weight gain 
during the first postnatal week. The queens, on the other hand, lost weight 
throughout the study, with a weight loss of approximatelv 18 % recorded after 
4 weeks of lactation. 


Table 1 
Body weight and energy intake of lactating queens and their offspring 
during a 4-week study 


Postnatal week 
1 2 3 1 


Queens (n=3) 
Body weight (kg) 3.29 + 0.220 3.09 + 0.206 2.93+0.165 2.71 + 0.195 
ME' intake (kJ/kg/d) abes atl 493 + 19.0 DOM E315 580 + 24.3 


Kittens (n=9) 


Body weight? (g) 215 + 4.5 287 + 7.5 356 + 19.4 410 + 12.6 
Body weight gain (g/d) 13.4 + 0.32 10.3 + 0.72 CO) se (OL Meee 7.6 + 0.84 
Milk intake (g/d) Ag £12 44 + 2.0 49 + 2.0 44 + 2.6 

Milk ME intake (kJ/d) 206 + 5.3 198S 216 = 9.0 193 + 17.6 


Values are mean + SEM. 

+. ME = metabolizable energy, calculated as: protein x 17.1, lipid x 37.7, car- 
bohydrate x 17.6 (kJ/g). 

i. Weight on the last day of the week. 


The estimates of milk replacer intake by the WID teehnique were on aver- 
age 2.4 % of the actual milk intake measured by tube-feeding. 

Published data on the average daily milk yield of lactating queens and the 
daily milk production of the queens in the present study, measured by the milk 
intake of suckling kittens, are compared in Table 2. The milk yield of the 
queens in the present study were 30-46 % higher than the estimated values 
reported in the literature. 
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Table 2 
Daily milk yield of queens (% of queen's body weight). 
Reference Litter size Week 1 Week 2-4 Week 5-9 
Dobenecker et al. 3-4 2.74 + 1.03! 3.87 £0.27 2.58 = 0.62 
(1998) 
Present study 3-4 5.001 +0.61 5.54 + 0.33 n.d? 
Week post partum. 


T. Values are mean + SEM. 
t. n.d. = not determined. 


Published data on the gross composition of the milk of several Felidae spe- 
cies are shown in Table 3. 


Table 3 
Average gross composition of the milk of some species of Felidae’ 


Solids Crude protein Lipid Carbohydrate 
g/100 g milk g/100 g DM’  g/100 g DM g/100 g DM 


Leopard 22.6 49.1 28.8 18.6 
(P. pardus) 

Lion 30.2 30.8 57.9 11.3 
(P. leo) 

Cheetah 23.7 39.7 40.1 14.8 
(A. jubatus) 

Cougar 35.5 30.8 52.4 11.0 
(F. concolor) 

Lynx 21 47.0 28.6 20.7 
(F lynx) 

Cat 20.1 40.3 26.5 13.6 
(F catus) 


Data compiled from Fowler (1986) and Table 4 (present study). 
T. DM - dry matter. 


Multiple regression showed a significant (P « 0.001) relationship between, 
on the one hand, the metabolizable energy intake and, on the other hand, met- 
abolic body weight and gain. The last two variables explained 78.9 9o of the var- 
iation in metabolizable energy intake with both coefficients being significant at 
P « 0.001. The following multiple regression was obtained: 


ME = 282 x MBW + 8.47 x gain 
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where ME = metabolizable energy intake (kJ/d), MBW = metabolie body 
weight (kgP-75) and gain = body weight gain (g/d). 

The average composition of mature cat milk (compiled from the literature), 
the ealeulated daily nutrient intake of the kittens, and the estimated nutrient 
intake for maintenance and growth of young suckling kittens are given in Table 4. 


Cat milk composition, daily nutrient intake and estimated daily nutrient 


'Table 4 


intake of suckling kittens (Fe/is catus) for maintenance and growth. 


Milk 
composition intake! 
g/100 g g/day 
Dry matter 20.1 9.2 + 0.1" 
kJ/100 g kJ/day 
Metabolizable 
Energy"! 444 203 + 4.7 
8/1008 DM** g/day 
Crude protein 40.3 3.7 + 0.09 
Lipid 26.5 2.4 + 0.06 
Lactose 13.6 1.2 + 0.03 
Ash 3.5 0.3 + 0.01 
mg/100 g DM mg/day 
Sodium 810 TET 
Calcium 800 gate ri 
Phosphorus 640 59 + 1.4 
Potassium 48 4.4 + 0.10 
Magnesium 47 Aal) 
ug/100g DM ug/day 
Iron 3600 goles wer 
Zine 3600 BEAT 
400 37 + 0.9 


Estimated daily intake 
maintenance gain 
g/kg g/100 g* 
12.8 38.3 
kJ/kg?” kJ/100g 
282 847 
g/kg? g/100g 
5.1 15.5 
3.4 10.2 
i 5.2 
0.4 1.3 
mg/kg? mg/100g 
108 311 
102 307 
82 245 
6.1 18.4 
6.0 18.0 
Heike”  mg/100g 
459 1.38 
459 1.38 
91 0.15 


Copper 


(1993) and Dobenecker et al. (1998). 
+. Mean values (36 observations on 9 kittens) during weeks 1-4 post par- 


tum. 


i. Unit: g per 100 g weight gained, cf. p. 4. 
** Values are mean + SEM. 
tt. Caleulated using the factors given in Table 1. 
tt. DM = dry matter. 


References: Baines (1981), Kienzle & Kamphues (1991), Remillard et al. 
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4. Discussion 


Milk is generally thought to be the ideal food for the newborn of all mammalian 
species and, at any stage of lactation, the composition of the milk secreted by 
the dam and the amount of milk consumed determines the growth rate of the 
suckling young. Artificial rearing of newly born animals may be necessary in 
circumstances such as death of the mother, rejection of one or more of the 
young, too many offspring for (he mother to feed adequately, and failure of on- 
set or maintenance of normal lactation (Baines 1981). In this situation, detailed 
knowledge about normal growth rate, milk composition, and the requirements 
of the young is necessary to ensure normal body growth and development. 

In the present study we determined the milk intake of growing kittens, 1-4 
weeks of age, suckling from their own mother. Milk intake remained surpris- 
ingly constant during postnatal weeks 1-4, while the rate of body growth 
declined from 13.4 g/d in week 1 to 7.6 g/d in week 4. At the same time the 
queens suffered a substantial weight loss, indicating that the negative energy 
balance and the maximum capacity for milk secretion of the queens was 
reached during the first week of lactation. The body weight gain of the kittens 
and the body weight loss of the queens were similar to those observed by Lov- 
eridge (1986, 1987) and Remillard et al. (1993). 

The WID technique for estimating milk intake of the voung has been exten- 
sively used in other species including dogs, bears, seals, foxes and mink. In this 
study the WID technique gave accurate measurements of the daily milk intake 
of tube-fed kittens (average difference 2.4 9o). The conventional technique for 
measuring milk intake of suckling young is the WSW technique where the 
young are weighed at regular intervals and the calculations are based on 
weight gain after each suckling period. This technique has been reported to 
grossly underestimate the daily milk yield due to severe disruption of the social 
interaction between the dam and her offspring and because of inaccuracies due 
to loss of excreta and to summation of small weight increments (Oftedal 1984: 
Pettigrew et al. 1987). The values for milk yield of the queens, obtained by Dobe- 
necker et al. (1998) by the WSW method are much lower (30-46 %) than those 
obtained in the present study (Table 2). In a similar study by Oftedal (1984), the 
milk intake of dog puppies, measured by the WID technique, was 30 % higher 
than values previously obtained by the WSW method. 

Daily milk intake and the supply of nutrients are closely linked to the phys- 
iological development of the growing young and to the integrated homeostatic 
functions that maintain the stability of the intracellular and extracellular fluid 
compartments in the body (Widdowson 1965). 

Thus, if artificial rearing is required, detailed knowledge on the normal die- 
tary intake of the growing voung is of vital importance for a successful out- 
come. 

According to published data, the composition of the milk of different Feli- 
dae show considerable variation (Table 3). More importantly, there is no infor- 
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mation on milk intake of the suckling young belonging to this mammalian fam- 
ily. 

In this study, we calculated the amount of daily energy used for mainte- 
nance and weight gain in normally reared young kittens. It should be noted that 
the energy requirement for maintenance shown in table 4 (282 kJ / eo") is 
very close to the mean value for basal metabolic rate (BMR, 288 kJ / kot ard) 
obtained by Hill (1959) from measured oxygen uptake in 1-6 week old kittens. 
However, suckling kittens normally exhibit very low physical activity as they 
sleep most of the day. They huddle together in the nest box and are kept warm 
by the queen most of the time. Therefore, heat loss is kept at a minimum com- 
pared to older free-living kittens and cats. 

Furthermore, the values presented in this study were in good agreement 
with the requirements for maintenance (300 kJ / kg^ ^?) and growth (6-900 kJ / 
100 g weight gain) in puppies reported by Mundt et al. (1981) and to the resting 
metabolic rate (334 kJ / kg? ), measured by oxygen uptake, in 3-day old bea- 
gles (Crighton & Pownall 1974). 

Therefore, until further information is available on the individual species, 
we suggest that the data presented in Table 4 may serve as a useful guide to 
estimation of the minimum daily supplies of essential nutrients and energy for 
maintenance and growth of young Felidae during early postnatal life. 

Finally, it should be emphasized that the artificially reared young must be 
fed and handled carefully, and monitored frequently in order to prevent any 
detrimental side-effects from feeding and management such as anemia (Wid- 
dowson 1965), over-nutrition, malabsorption, diarrhea, acidosis, stunting, skel- 
etal malformation (Baines 1981) or lens opacities (Remillard et al. 1993). Fur- 
thermore, milk replacers must be formulated with care as is apparent from two 
cases reported by Kienzle and Kamphues (1991) in which the death of a litter 
of kittens was caused by feeding a commercial milk replacer and a slower 
development of kittens was induced by use of an experimental milk replacer. 
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Growth of captive harbor seal 
(Phoca vitulina) pups in relation to 
the fat content of the milk 


Abstract 


The most suitable product for rearing captive harbor seal pups 
until now is Multi Milk& with a fat content as high as 12 %. Because 
the fat content of seal milk is ertremely high (up to 45 95), a fat sup- 
plement to Multi-milk& with a fatty acid composition mimicking 
seal milk fat has been developed. In this study, performed during 
the summer of 1998, the growth performance of a control group 
(n — 25) of captive harbor seal pups obtaining standard Multi- 
Milk & was compared with that of an experimental group (n = 7) ob- 
taining Multi-Milk& with added fat supplement resulting in a total 
fat content in the milk of about 22%. We measured the body mass, 
axillary girth, lean wet mass and fat mass (with the °H dilution 
method). Body mass increase was considerably higher iu pups of 
the experimental group (0.27 + 0.02 kg/day) than those of the control 
group (control females: 0.12 + 0.01 kg/day; control males: 0.15 + 
0.03 kg/day). Growth of arillary girth was also significantly higher 
in erperimental animals (0.74 + 0.08 cm/day) compared to the con- 
trol animals (control females: 0.10 + 0.07 cm/day; and control 
males: 0.12 * 0.08 em/day). The growth improvement of the pups 
was caused by an increase of the lean wet mass (rate of increase of 
about 0.24 + 0.06 kg/day in erperimental and 0.13 + 0.01 kg/day in 
control females) and not by an increase of the amount of body fat 
(rate of increase of about 0.04 kg/day both in control and experimen- 
tal pups. In conclusion, although the use of the fat supplement re- 
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sulted in a considerable improvement of early growth performance 
of the pups, we were not yet able to achieve growth rates similar to 
those observed in free-living animals. 


Keywords 


harbor seal, pup, body growth, fatty acids, stable isotopes, 
artificial rearing 


ale Introduction 


The milk of pinnipids contains the highest fat content observed among mam- 
mals. In the harbor seal (Phoca vitulina) the fat content of the milk is about 
45 9o. During a relatively short lactation period, this high fat content enables a 
high growth rate of the pup of at least 0.5 kg/day (Markussen 1989). Most of the 
mass gain is accounted for by an increase in skin and attached fat (Bowen et 
al. 1992). This layer is necessary for insulation of the actively swimming pup 
and for storage of energy reserves. In the field, early weaning is supposed to be 
advantageous because of the risk that a pup looses its mother during the lacta- 
tion period. This may lead to undernutrition or subsequent death of the pup. 
Still, each summer about 30 abandoned pups are brought to the seal rehabili- 
tation research center (SRRC) which are often severely undernourished and 
dehydrated. Upon arrival until 15 days thereafter, seal pups have been fed with 
Multi-Milk® (Pet-Ag, USA), the only artificial milk product available with a high 
fat concentration (12 % fat). Although pup survival in captivity was very high 
(95 % or higher), growth rates were relatively low (0.1 kg/day), possibly due to 
a low level of energy intake and/or shortage of specific growth promoting sub- 
stances. The aim of this study was to increase the growth rate of the captive 
pups by increasing the levels of energy intake and by supplving increased lev- 
els of long chain polyunsaturated fatty acids which may also stimulate growth 
(i.e., by altering the fat content of the milk). 


2. Materials and Methods 


Experimental animals. For this experiment, we used only harbor seal pups 
that were estimated to be younger than 10 days on the day of arrival (mean 
weight of the pups was 10 kg). We compared the growth performance of seal 
pups fed on Multi-Milk® (control group, n = 25; separated into a male control 
group, n = 12, and a female control group, n = 13) with those fed on Multi- 
Milk® plus an oil supplement (experimental group, n = 7, all females). 


Diet. The captivity period was divided in four separate feeding periods. During 
Period 1 (day 1-8) animals were fed with a Multi-Milk® solution only (mean 
quantity of 1350 ml/day); during Period 2 (day 9-15) with Multi-Milk® (mean 
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quantity: 850 ml/day) and fish ( herring with a fat content of 10 %; mean quan- 
titv: 815 g/day), during Period 3 (day 16-21) with fish only (mean quantity: 2500 
g/day), and during Period 4 (day 22-28) with fish only (mean quantity: 3000 g 
per day). The control groups were fed with a solution of Multi-Milk& in water 
(Multi-Milk® : water = 1 : 3.5 w/w). The protein and carbohydrate quantities 
of the Multi-Milk& (7 % and 0.6 % w/w, respectively) are in accordance to the 
seal's milk (10 % and 1 % w/w, respectively), but the fat quantities differed 
(12 9o in the Multi-Milk® versus 45 9o w/w in the seal's milk: Glas 1991). For the 
experimental group we increased the fat quantity to about 22 % w/w bv adding 
a well-digestible oil blend to the Multi-Milk& product (Multi-Milk® : oil : water 
= 1:0.5:3 w/w). The oil blend is a mixture of fish oil, structured vegetable oil, 
and single-cell-oil. Most of the palmitic acid has been estiferied at the middle 
position of the triglyceride, preventing the formation of insoluble calcium 
soaps. The oil blend has a fatty acid composition that comes close to that of the 
natural milk of the harbor seal. Animals were fed 4—5 times per day; quantities 
consumed by the pups were recorded. 


Measurements taken. The body mass (to the nearest 0.1 kg), the length of the 
axillary girth of the animal when at rest (behind the anterior flippers; to the 
nearest em), and the maximum length of an animal when at rest (from the nose 
to the hind flippers; to the nearest em) were determined weekly. Around day 70 
the seals were weighed and subsequentlv released in the Duteh Wadden Sea. 


Estimates of total lean wet mass and fat mass of the pup. The principle of 
isotope dilution CH) was used to estimate the amount of total body water (TBW, 
in kg) of the pup (Bowen and Iverson 1998). From the TBW the total lean wet 
mass (TLWM, in kg) can be derived and, indirectly, the total fat mass (Blaxter 
1989). In brief, first a 5-ml blood sample was obtained from the animal to deter- 
mine the natural abundance of di in its body; subsequently the animal was 
weighed. Next, a dose of about 5 g 50 (99.9 atom percent 3g, MERCK®) was 
administered orally immediately prior to feeding. After an equilibration period 
of 3 hrs a second blood sample was taken to determine the inerease in aH. 
?H enrichments of the water in blood samples were determined using Isotope 
Ratio Mass Speetrometry. The TBW of the pup was calculated using the ^H 
quantity of the dose administered, and the abundance of” 'H before and after the 
administration. A correction of 3.3 % was made for the exchange of °H with 
body proteins (Bowen et al. 1992). The TLWM of the pup was estimated by mul- 
tiplication of the size of the body water pool by 1.3699 (Bowen et al. 1992); the 
total fat mass (kg) was calculated by subtracting the TLWM from the total body 
mass. This procedure was repeatedly performed in three females of the control 
group at day 1 and 10, as well as in 3 females of the experimental group. In 
addition, at the time of release (at about day 70), the measurements were per- 
formed in 4 females of the control group, and 5 of the experimental group. 


Data analysis. Growth performance was compared between the three groups 
(male control, female control, and female experimental) for each separate feed- 
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ing period. Data from subsequent feeding periods were analyzed using a one- 
way ANOVA test followed by a Student-Newman-Keuls test. For all parameters 
mean values are presented + SEM. 


3. Results 


Tolerance. The Multi-Milk® preparation in which 10 % of fat supplement was 
used for reconstitution, resulting in a total fat content of the milk of 22 %, was 
well tolerated. An attempt to further increase the proportion of fat supplement 
was not successful because of excessive vomiting. 

Energy intake. Energy intake did not differ between male and female con- 
trol groups. Mean energy intake of animals from the experimental group was 
60 % higher (F(2.29) = 81.7, p « 0.001; SNK/p < 0.05; Fig. 1) than that of ani- 
mals from the control groups during Period 1 (Multi-Milk&) and 42 % higher 
(F(2.29) 2 78.2, p « 0.001; SNK/p « 0.05) in Period 2 (Multi-Milk& and fish). 
There were no differences between the experimental and control groups in 
energy intake in the Periods 3 and 4 (fish). 


energy intake (KJ/day) 


1 2 3 4 


feeding period 


Fig. 1. Energy intake of the pups during the four different feeding periods. White. 
grey, and black bars represent control males, control females, and experimen- 
tal females, respectively. Bars indicate SEM 


Body mass and morphological measurements. During Period 1, changes in 
body mass were significantly higher in the experimental group (0.27 + 0.02 
[means + SEM] kg/day: F(2.29) = 9.70, p < 0.001; SNK/p < 0.05) than in the 
control groups (control females: 0.12 + 0.01 kg/day; control males: 0.13 + 0.03 
kg/day, Fig. 2). The differences in growth rates disappeared during the follow- 
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ing periods. Growth of axillary girth was also significantlv higher in experimen- 
tal females compared to the control groups (0.74 + 0.08; 0.10 + 0.07; and 
0.12 + 0.08 em/day, respectively; F(2.29) = 17.40, p « 0.001; SNK/p < 0.05: see 
Fig. 3). No differences between the experimental and control groups were 
obtained with respect to the growth of the axillary girth in the other periods. 
The values for maximum length between nose and tail did not differ between 
experimental and control groups in any of the feeding periods. This suggests 
that initial differences in mass increase resulted in differences in the diameter 
of the animals, but not in differences in length. 


0,00 = 


increase body mass (kg/day) 


1 2 3 4 


feeding period 


Fig. 2. Inerease body mass during the four different feeding periods (for explanation 
of the bar colors, see legend Fig. 1). 


Total lean wet mass (TLWM) and fat mass (FM). Upon arrival (day 1) the 3 
control females had an average TLWM of 9.67 + 0.49 kg, and a fat mass of 
1.83 + 0.23 kg. At day 10, these values were 10.80 + 0.45 kg and 2.21 + 0.50 kg, 
respectively. Therefore, the average increases in TLWM and FM were 0.13 + 0,01 
kg/day and 0.04 + 0,04 kg/day, respectively. Initially, the 3 experimental females 
had an average TLWM of 7.25 + 0.48 kg, and a FM of 0.99 + 0.63 kg. At day 10, 
these values were 9.37 + 0.07 kg and 1.37 + 0.45 kg, respectively. Therefore, the 
average increases in the total lean wet and fat masses in the experimental group 
were 0.24 + 0.06 kg/day and 0.04 + 0.02 kg/day, respectively. At the time of 
release, average values for the total lean wet masses were 20.03 + 0.64 kg and 
21.07 + 1.55 kg, for control and experimental females, respectively. The corre- 
sponding values for the total fat mass were 14.75 + 0.27 and 13.22 + 1.12 kg, 


M.D.A. Ticheler et al. 


respectively. At this stage, the average fat percentages for the two groups were 
42.4 + 0.6 % and 38.5 + 2.4 96, respectively. 


growth of axillary girth 
(cm/day) 
= 
e 
=) 


1 2 3 4 


feeding period 


Fig. 3. Growth axillary girth during the four different feeding periods (for explana- 
tion of the bar colors, see legend Fig.1). 


4. Discussion 


Increasing the energy content of Multi-Milk& by adding a fat supplement with 
fatty acid composition close to seal milk has a positive effect on the earlv 
growth rate of seal pups. We could not detect an effect on the long-term devel- 
opment of their body mass. The body composition data from this study reveal 
that the rapid growth of pups upon arrival at the SRRC is mainly caused by an 
increase in lean body mass. A clear increase in museular mass is inferred from 
the development of the size of the axillary girth. This seems to be in eontrast to 
observations in wild animals, which mainly grow in fat and reach a bodv fat 
proportion of 34 % already at the end of the natural laetation period (age: 19 
days; Bowen et al. 1992). In our study population the average body fat percent- 
ages increase from 14.0 9o on day 1 to only 14.9 % on day 10 (age: approximate- 
ly 15-18 days); at the end of the studv on day 70 a total bodv fat proportion of 
40.5 % was found. The increase in energy intake of the pups of the experimental 
group in our study, has not yet resulted in a similar growth rate as observed in 
wild pups (a maximum growth rate of 0.27 kg/day in the experimental group 
versus 0.5 kg/day in the wild; Markussen 1989). We hypothesize that our goal 
of achieving identical growth and development of bodv composition in captive 
seal pups may be separated into two aims: firstly increase in lean body mass to 
allow growth of organs and muscular mass and secondly rapid increase of sub- 
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cutaneous fat tissue. It is tempting to conclude that our current approach in the 
group obtaining the fat-supplemented Multi-Milk® was successful with respect 
to the first aim, but not yet adequate for achieving the second aim within the 
same time frame as in wild animals. We therefore postulate that the levels of 
energy intake in pup seals should be further elevated during the early growth 
phase by gradually inereasing the fai contents of the supplemented 
Multi-Milk& above 22 %. Such a step-wise increase of fat content of the Mul- 
ti-Milk& might gradually improve fatty acid digestion and thus minimize toler- 
ance problems. 


5. References 


Blaxter, K., 1989: Energy metabolism in animals aud man. Cambridge: 
Cambridge University Press. 

Bowen, W.D., O.T. Oftedal, D.J. Boness 1992: Mass and energy transfer during 
lactation in a small phoeid, the harbor seal (Phoca vitulina). Physiol. 
Zool. 65 (4): 844—860. 

Bowen, W.D., S.J. Iverson 1998: Estimation of total body water in Pinnipeds 
using hydrogen-isotope dilution. Physiol. Zool. 71 (3): 329-332. l 

Glas, T., 1991: Study about the composition of seals milk. Research depart- 
ment Friesland Frico Domo. 


Markussen, N.H., 1989: Growth in harbour seals (Phoca vitulina) on the Nor- 
wegian coast. J. Zool., Lond. 219, 433-440. 


203 


204 


M. Lechner-Doll, A. Deutsch, D. Lang 


Nutritional management of ungulates 
in captivity — should we learn from 
natural seasonality of the vegetation? 


Abstract 


The aim of ensuring an adequate nutritional basis for feeding wild 
herbivores in captivity is difficult to realize iu many cases, mainly 
because of insufficient data on the particular needs of the species. 
The natural diet is usually impossible to offer, especially for selec- 
tive herbivores and for animal species away from their natural 
climatic zone. To adapt commercial dietary components designed 
for domestic livestock may be the only alternative in most cases. 
However, in temperate climatic zones and those close to the polar 
regions, seasonal variations in the biomass available for consump- 
tion of wild ungulates varies by several orders of magnitude, both 
in respect to quantity and to quality. This is mainly a result of the 
seasonality in the vegetation period. As a consequence, wild ungu- 
lates in the polar region (but also in temperate zones), are strictly 
seasonal. Reproductive functions with the highest nutritional 
demand (late pregnancy and lactation), must be synchronized with 
the vegetation period. However mutritional strategies are often 
very different between species. Energy expenditure is greatly re- 
duced in winter in many northern cervids. Energy balance is still 
negative in winter and body fat reserves may contribute substan- 
tially to winter energy erpenditure. Voluntary feed intake and the 
extend to which body reserves are accumulated during the vegeta- 
lion period are not only a matter of feed quality and quantity 
offered, but depend on day length and season. Seasonal variations 
of feed intake remains in captivity, even if animals are uot breed- 
ing and continuous feed supply is guarantied throughout the year 
(Von Hegel 1995; Behrend 1999). As a consequence for practical man- 
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agement, northern cervids iu particular may need to be fed below 
voluntary consumption in autumn to avoid the accumulation of 
body reserves which are not utilized during winter in captivity. A 
second possible management strategy may be to use the natural sea- 
sonal rhythm. To simulate winter conditions, animals may be fed 
below maintenance and may thereby reduce excess body reserves 
accumulated previously. 


Keywords 
Seasonality, feeding, body reserves 


il Seasonality of plant nutritional quality and quantity 


Soil, weather (in terms of temperature, humidity, light intensity and duration, 
precipitation), animals, and disease all influence plant growth and composi- 
tion. Environmental factors that stimulate plant growth promote the use of re- 
serves and the development of aerial tissue. Plant development involves a 
number of vegetative stages which tend to be specific for particular species, but 
may be generally described as maturation. The nutritional value of plants even- 
tually declines through deposition of photosynthetic carbon in the irreversible 
sink of structural matter. The classical stages of development were probably 
best described for alfalfa (Fick and Müller 1989); they include early-, mid- and 
late vegetative, early- and late bud, early- and late flower, early-, late- and ripe 
seed pod. The system allows a calculation of the mean stage by weight (MSW) 
and may be used to correlate this factor with quality parameters such as crude 
protein eontents and fiber quality. There is a negative relation between protein 
content and MSW, and positive relations between MSW and neutral-detergent 
fiber (NDF), acid-detergent fiber (ADF) and acid-detergent lignin (ADL) frac- 
tions (Van Soest 1994). If tissue death oceurs through senescence, resources 
are often moved into storage organs or seeds, leaving behind depleted dead ma- 
terial of very high cell wall content. Annual plants store most of their available 
energy in seeds, and perennial plants deposit much of it in roots, lower stems, 
or cambial layers. The digestibility of the cell wall may remain high if reserves 
are formed at the expense of cell wall development and lignification, often a fea- 
ture of standing hay that develops under arid conditions (Abbas et al. 1994; Ru- 
tagwenda et al. 1990a). 

Protein deficiency, however, is a general feature of standing hay, both in dry 
subtropical areas and in the temperate zones (Abbas et al. 1994; Rutagwenda 
et al. 1990a, b; Kiekbusch 1999). This temporary seasonal protein deficiency is 
handled by most of the ruminant and camelid species utilizing the entero- 
hepatic cycle of nitrogen, effectively recirculating urea into the forestomach in 
order to enhance microbial growth (Mousa et al. 1994). Microbial amino acid 
synthesis using non-protein nitrogen, however, is energy consuming and can 
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not be a successful strategy in dietary situations where both, energy and pro- 
tein are in the minimum. 

The utilization of body reserves (fat and protein) accumulated during opti- 
mal feeding conditions is the most favorable strategy to survive critical sea- 
sonal feeding situations (winter or dry seasons). Manv of the northern cervids 
like the moose and the reindeer combine this ability with metabolic and behav- 
ioral adaptations towards energy saving (see Mauget et al. 1997 for a review). 


2. The problem for the ungulate: decision making 


In order to be successful, herbivorous animals should be able to synchronize 
the variation of their needs, including the needs of their offsprings with the var- 
iations in plant quantity and quality (Fig. 1). This synchronization can only be 
guaranteed if seasonality of resources is predictable for an animal. The animal 
must "know" that there will be enough food (or enough body reserves) at the 
end of pregnancy to support lactation and weaning. 


15 

12 | Parturition 
| Energy demand N 
for pregnancy: 
max. 3.3 MJ*d'! 


Begin of 
pregnancy Implantation 


/ 


Energy demand 
for lactation: 
max. 6.7 MJ*d'! 


— — — Diapause 


Energy expenditure(MJ*d") 


3 | Basal metabolic rate: 5.5 MJ*d"! 


Fig. 1. Seasonality of energy expenditure (metabolizable energy) of a roe deer dam. 
Basis of calculation: Body weight: 25 kg; basal metabolic rate: 0.5 MJ*kg'-'?; 
pregnancy: twins, body weight at birth: 2 kg each. 


3. The trigger of plant growth and development 


In the temperate climatic zones and the polar regions, temperature is by far the 
most important triggering signal for plant growth. Although the length of the 
vegetation period and its onset is a matter of geographic latitude, generally 
longer daylength in springtime results in a rise in temperature which in turn 
causes the start of the vegetation period. As variations in daylength are per- 
fectly regular and predictable, the seasonality of plant growth in temperate and 
polar regions varies within very small margins from year to vear. As a conse- 
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quence, wild animals have evolved to adjust their own growth, that oftheir hair, 
antler and horns, reproductive cycles, rut, pregnancy, lactation, weaning, gen- 
eration intervals, deposition and mobilization of body reserves, to these sea- 
sonal temperature variations using daylength as the dominant triggering 
signal (Lincoln et al. 1998). 

In the tropies and subtropies, seasonality is not directly triggered by 
daylength variations. The major limitation for plant growth here is water. This 
results in very different extremes of seasonality of nutritional resources for the 
herbivores. Almost permanently stable situations where neither water nor tem- 
perature vary seasonally can be found (e.g. tropical rainforests). Bi-annual or 
annual rainy seasons support more or less regular vegetation periods. Very 
rare rainfall events every second or more years in arid regions may result in 
short vegetation periods not sufficient to support herbivorous living there per- 
manently. 

Herbivores in the persistently humid areas need not to be seasonal. Some 
kind of synchronization between individuals may still be of interest but nutri- 
ent availability may not be considered as a relevant limitation. This is entirely 
different in the dry tropical and subtropical areas. The onset of the vegetation 
period is triggered by an increase in relative humidity and the first rainfall. 
This is followed by sometimes very rapid plant growth. Grassland is character- 
ized by a rapid maturation resulting in a very short period of several weeks 
only, with highly nutritive, digestible and palatable feed followed by a very long 
dry period with standing hay as the major source of intake (Abbas et al. 1994). 
Standing hay is very often deficient in protein although it may still be moder- 
aiely digestible (Abbas et al. 1995). Ruminants adapt to dry season conditions 
on grassland by an increase of fiber utilization through physiological changes 
of volume, digesta retention time, adaptation of microbial flora and fermenta- 
tion pattern in their digestive system (Lechner-Doll et al. 1990, 1991a, 1995a,b). 
The situation in bushland, like the thornbush savannahs of east Africa is gen- 
erally somewhat different. Green leaves are less quicklv drving out after the 
rainy season ends. This is mainly because of the deep rooted trees and shrubs 
that are able to utilize a larger proportion of the precipitation. This often 
results in several months of relatively green leaves available for selective her- 
bivores. Fruits and seeds ripening in dry season like the pods of Acacia tortil- 
lis contribute considerably to the diets and may supplement standing hay with 
a highly digestible component (Rutagwenda et al. 1990b; Lechner-Doll et al. 
1991b). As a consequence, the more selective ruminant species usually perform 
better on a thornbush savannah pasture compared to grazers (Lechner-Doll et 
al. 1990, 1991a, 1995b). 

As rainfall in arid and semi-arid areas is unpredictable in terms of abun- 
dance, local distribution, duration and time of the year, herbivores may not be 
able to synchronize their highest energetic and nutrient needs with the best 
nutritional situation. Heat tolerance, dehydration resistance, are adaptation 
strategies for the large herbivores to be successful in arid areas but migration 
is the most important. The lack of an external triggering signal other than the 
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feed availability is evident. The vegetation period itself on the other hand has a 
triggering potential e.g. through starvation or flushing effects. This has to be 
distinguished from other synchronizing signals like pheromone actions and the 
internal eireannual rhythm which both may be responsible for such remarkable 
synehronization between wildebeest dams in the Serengeti, all of them giving 
birth within 2 weeks of time. 


4. The problem in the wild 


In the wild it is usually not possible for ungulate dams in a seasonal environ- 
ment to balance the energetie needs during winter or dry season conditions. 
Even with the most successful synchronization between reproduction and veg- 
etation period, a gap remains which can only be filled by body reserves. Com- 
pensatory growth or weight fluctuations are a common phenomenon to which 
herbivores are well adapted (Andersen et al. 1998; Abbas et al. 1995; Reid 1988; 
Van Soest 1994). So the time of minimal energy expenditure, e.g. in winter for 
roe deer, remains the energetic bottleneck for most of the cervidae in temperate 
zones. Body reserves accumulated in autumn are therefore regularly mobilized 
in winter. Adaptation strategies evolved to minimize energy expenditure in win- 
ter support the importance of this bottleneck also in an evolutionary sense. En- 
ergy supply from the vegetation in spring and summer usually is so abundant 
that animals are able to meet their demands even if a three-fold increase in en- 
ergy expenditure is often observed during lactation (Fig. 1). Cireannual syn- 
chronization plays a key role, e.g. in roe deer. This small concentrate selector 
is probably the most extreme example within the ungulate species (Duncan et 
al. 1998). They make very little use of the standing hay (Deutsch et al. 1998). 
Being monoestrous (ovulation is first week of August) requires perfect syn- 
chronization between both sexes, delayed implantation enables the parturition 
occurring in May to find optimal feeding conditions for both the lactating fe- 
male in late spring and the offspring to be weaned in August. This is also a good 
example that strategies for winter survival may be more important in terms of 
evolutionary fitness than a rapid generation interval (Duncan et al. 1998). 


5. Feeding in captivity 


In eaptivity it is very easy to feed herbivores according to their low needs in 
winter and it often is a problem that body reserves accumulated in autumn are 
not mobilized. This often results in overfed animals with poor health and repro- 
ductive performance, especially when fed an ad libitum diet (Göltenboth and 
Klós 1995; Von Hegel 1995). In contrast to the situation in the wild, it is often 
difficult to feed selective ruminants so that they can meet their nutrient needs 
during late pregnancy and lactation. The main problem appears to be that 
when commercial concentrates are fed in large quantities lactic acidosis devel- 
ops, resulting in a chronic rumenitis (Hofmann 1990; Von Hegel 1995). The 
natural diet is usually not available outwith the original habitat, so the problem 
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remains to design a diet that can be fed safely to selective ruminants in captiv- 
ity particularly during the time of increased energy demand (Hatt et al. 1998). 


6. Mechanisms that trigger seasonality in temperate and polar areas 


According to our present knowledge, which is mainly based on studies in do- 
mestic sheep and farmed deer (Lincoln et al. 1998; Lincoln 1998; Newman et al. 
1998), daylength information is used to modify the biological clock situated in 
the suprachiasmatic nucleus. The pineal gland may be considered as the trans- 
ducer for this information and secrets melatonin. This mode of secretion is a 
duration sensitive system as melatonin (the hormone of darkness) is excreted 
only during the night hours. Consequently, plasma melatonin levels are highest 
at the winter solstice in December and lowest at the summer solstice in June. 
The melatonin signal inhibits prolactin which can be found in the plasma in a 
seasonally pattern with its maximum in summer, reciprocal to the melatonin 
level. Prolactin direetly regulates the pelage axis which controls phvsiological 
functions like hair growth, horn growth and moult (Lincoln 1998). These 
functions are therefore directly and immediately related to daylength. Translo- 
cation of animals between the hemispheres immediately shifts these physio- 
logical cireannual rhythms to the new summer — winter daylength regime. 
Confusion oceurs if animals are translocated to areas closer to the equator 
where seasonality of daylength variation is less prominent and these physio- 
logical rhythms become lower in amplitude and loose synchronization between 
individuals. 

The second melatonin action is located in the hypothalamus where gonado- 
trophin seeretion is controlled. Melatonin usually stimulates the hvpothalamus 
to GnRH response which in turn determines the onset of the breeding season 
and puberty. However in respect to the gonadotropin response to melatonin, 
there is much more variability between species and between individuals. New- 
man ef al. (1998) stated that it is possible that factors other than decreasing 
daylength act as the cue for timing of the rut in fallow bucks. This view is sup- 
ported by the many successful attempts to breed for early lambing and early 
puberty in domestie sheep and goats. Species differences in the length of the 
gestation period also affords modifications of the general control of the repro- 
ductive rhythms by melatonin. The consequence of translocations of ungulates 
between northern and southern hemispheres may result in long periods of 
endocrine confusion and desynchronization both between individuals, between 
male and female and between animal and vegetation. 


7. Consequences 


For the practical management of ungulates in captivity, translocations between 
very different latitudes should be avoided whenever possible in order to mini- 
mize the risk of desynchonization in susceptible species. 

Northern cervids in particular may need to be fed below voluntary con- 
sumption in autumn to avoid the accumulation of excess body reserves which 
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are not utilized during winter in captivity. A second possible management 
strategy may use the natural seasonal rhythm. To simulate winter conditions 
animals may be fed below maintenance and may thereby reduce excess body 
reserves accumulated previously. l 
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Comparative anatomy, physiology and 


ecology of pregnancy and lactation in wild 


pigs: a review 


Abstract 


The nutritional requirements of animals during preguancy and 
lactation differ from the requirements of the growing animal, or the 
non-pregnant adult, as revealed by studies of the domestic species. 
However, relatively little information has been published to 
indicate the comparable requirements for pregnancy and lactation 
of most animals in the wild. Similarly, there is as yet surprisingly 
little information available from the study of animals in zoological 
collections. Analyses of the comparative anatomical and physio- 
logical data can contribute to our understanding of the problem. 
Similarly, behavioural and other data may help to iudicate some 
aspects of the relationship between the pregnant or lactating 
animal and its environment. 


As with many other widespread groups of animals, the nature of the 
relationships which exist between various Eurasian, African and 
Southeast Asian wild pig species and their respective environments 
during pregnancy and lactation has not attracted specific research 
attention. This review first seeks to gather together what is availa- 
ble, and on the basis of an analysis of this, to establish an investi- 
gative framework within which future studies may be undertaken. 
The anatomical and physiological changes which occur in different 
parts of the sow during pregnancy and lactation are described for 
the different species of pig, and the related changes in the behaviour 
and feeding patterns of the piglets and the sow are reviewed. 


Keywords 


body weight 
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1. Introduction 


Although there have been a very large number of studies on animal nutrition, 
much remains to be learned about the nutrition of the pregnant and lactating 
mammal. Almost all our currently available understanding has been derived 
from studies of the human and a small group of domesticated mammals. 

This review was undertaken to serve as a foundation, and a stimulus of 
ideas and suggestions which might aid future studies of the nutrition of wild 
mammals during pregnancy and lactation. The Family of pigs (Suidae) was 
chosen to enable comparisons to be made with the large data-set of information 
which has been gathered on the domestic pig. The terminology used in this 
paper for naming wild pigs is that published in the IUCN status survey and con- 
servation action plan for pigs, peccaries and hippos (Oliver 1993); the one for 
naming the domestic pig (Sus domesticus), although different from the “Sus 
scrofa” more commonly used, is that recommended by Corbett & Clutton-Brock 
(1984). The five extant genera of wild pigs comprise 14 species which are found 
distributed over Eurasia, Africa and South-east Asia. There are two domesti- 
cated pig species, the one (Sus domesticus), with which we are most familiar 
and which has a world-wide distribution, and the other (Sus celebensis), which 
is found on a few islands of the Indonesian archipelago (Groves 1981). 

Much of the nutritional data gathered for this review was very fragmentary, 
and many of the pieces of information concerning wild pig species were little 
more than anecdotal comments attached to studies which had a different focus 
of research attention. It was particularly striking that a number of these frag- 
ments lay as small clusters of observations in published and unpublished PhD 
theses. This is in sharp contrast to the substantial body of information on the 
domestie pig which has been reviewed regularly. Attention will be drawn to 
those reviews which have guided the present study. The literature describing 
and analysing the habitats and diets of wild pigs was surveyed recently by Leus 
and Maedonald (1997). 

The duration of pregnancy varies considerably between the different spe- 
cies of pigs (Table 1). It ranges from about 114 days in a number of the Sus spe- 
cies, to about 171 days in the Common warthog (Phacochoerus africanus). 
Pregnancy length appears to be unrelated to either the size of the litter, or the 
neonaíal weight of the piglets. It is relatively long (171 days) where the total 
litter weight may average less than 3 kg (Common warthog), and relatively 
short (115 days) where the average litter weight may be either 5 kg or more 
(Eurasian wild pig Sus scrofa), or less than 1 kg (Pigmy hog Sus salvanius). 


2. The pregnant animal 


2.1 Body weight 


Pregnancy normally produces an increase in the body weight of the non-gravid 
female (Table 1). This has been clearly demonstrated in the domestic pig (Els- 
ley et al. 1966; Whittemore 1998), and has been observed in other pig species 
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also. Pregnant Common warthogs less than three years of age were found to be 
heavier than similarly aged non-pregnant females, although older females did 
not show this increase in weight with pregnancy (Mason 1982). In a recent 
study of Bushpigs (Potamochoerus larvatus),the average body mass of preg- 
nant adult females (71 kg) was greater than that (67 kg) in a comparable group 
of non-pregnant females (Seydack 1990). Two additional observations have 
been made, on the Babirusa (Babyrousa babyrussa). The body weight of a 
growing female increased from 35 kg at mating to 40 kg after 1 month, 42 kg 
after 2 months, 44 kg after 3 months, and 45 kg after 4 months; an older, multi- 
parous Babirusa was similarly measured, and increased in body weight from 
52 kg at about the time of conception to 60 kg some 130 days later (Leus, pers. 
comm). Although commercial sows frequently increase in weight by 50 kg dur- 
ing pregnancy, recent reviews suggest that increases in sow weight from one 
conception to the next should be from about 35 kg during the first pregnancy, 
to about 12 kg in the fourth pregnancy (Whittemore 1998). 

The inerease in body weight of the pregnant female is due in part to the 
growth of the uterus and placenta, the development of the fetuses, the 
inereased volumes of fetal amniotic and allantoic fluids surrounding them, and 
latterly to the increase in weight of the mammary glands. However, the bulk of 
the increase in maternal body weight of the domestic pig is due to the growth 
in mass of her own muscle tissues and fat deposits (Elsley et al. 1966). The rea- 
son for the heavier weight increases seen in younger animals is that they are 
usually still growing, and part of the larger increase in their body weight during 
pregnancy reflects that growth. The pregnant Bushpig also has greatly 
enlarged stores of subcutaneous fat, as does the Eurasian wild pig, the domes- 
tic sow, and perhaps also the Bearded pig (Sus barbatus) (Seydack 1990, Brie- 
dermann 1990, Caldecott 1991, Whittemore 1998). Pregnant Bushpig also had 
more peritoneal fat relative to body mass than non-pregnant females and had 
bone marrow fat deposits which were larger in size than non-pregnant female 
Bushpigs (Seydack 1990). Importantly, there is also a retention of electrolytes 
during pregnancy with an accompanying expansion of body water. Maternal 
blood plasma volume increases during pregnancy as does total red cell volume. 
An increase in tissue hydration, and in the amounts of extracellular fluid is a 
feature of pregnancy and can persist into lactation (Lodge et al. 1979, Shields 
& Mahan 1983). These changes in body water and electrolytes are of central 
importance to the physiology of pregnancy (Stock & Metealfe 1994). 

There are also changes in the shape of the female as pregnancy nears term. 
The abdominal cavity expands in volume to accommodate the products of con- 
ception, and this is particularly noticeable in those species which carry larger 
litters. 


2.2 Uterus and placenta 


Information on the non-pregnant reproductive tract has been summarised for 
the Common warthog, the Forest hog (Hylochoerus meinertzhageni), the Ba- 
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birusa, the Sulawesi warty pig, the Pigmy hog, the Eurasian wild pig and the 
domestic pig by Macdonald et al. (1984). The length of the uterine horn is rela- 
lively small in the Common warthog, and is particularly so in the Babirusa, 
which was consistent with the relatively small average litter sizes they carry 
(see Table 1). The size of the Pigmy hog uterus, although small in absolute 


terms (Figure 1), is still sufficiently long to accommodate up to seven fetuses 
(Table 1). 


Fig. 1. Schematic diagram of the non-pregnant female reproductive tract of the Pigmy 
hog (Sus salvanius) (after Macdonald et al, 1984). 
1: Right ovary; 2: infundibulum; 3: uterine tube; 4: utero-tubal junction; 5: right 
uterine horn; 6: uterine body; ?: cervix; 8: vagina; 9: urethral opening into the 
vestibule of the vagina. 


The uterus of the domestic pig grows in weight progressively through preg- 
nancy (Pomeroy 1960). 

The gravid uterus of the near term Warthog female may comprise over 7 % 
of the female's body weight (Mason 1982). 
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2.3 Fetal development 


The growth in weight of the embryo is small at the start of pregnancy, but fetal 
weight increases rapidly during the second half of gestation. Data for the fetal 
period of development are available for Common warthog, Bushpig, Eurasian 
wild pig and the domestie pig (Ullrey et al. 1965, Child et al. 1968, Gjesdal 1972, 
Stubbe and Stubbe 1977, Aumaitre et al. 1982, Mason 1982, Seydack 1990). 
Summarising the information from the three wild pig species, and plotting the 
results together reveals a similarity in the general pattern of growth, and par- 
ticularly in the rates of growth during the second half of gestation (Figure 2). 
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Fig. 2. The growth of the fetuses of the Eurasian wild pig (Sus scrofa), Common 
warthog (Phacochoerus africanus) and Bushpig (Potamochoerus larvatus) 
(redrawn after Aumaitre et al, 1982, Mason, 1982 and Seydack, 1990). 


Strikingly, the similarities in the fetal growth during the first half of gestation, 
shown by the Bushpig and the Eurasian wild pig (and the domestic pig, 
although not shown in the figure) are in contrast to the slow or delayed growth 
in the embryos of the Common warthog. These graphs raise a number of ques- 
tions, among which, what causes the Warthog embryo to be so slow to start 
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growth? Does the Babirusa fetus, and perhaps those of the Forest hog and 
Visayan warty pig, also have a slow start to embryonic development? 

The available data on the range in sizes of piglets born, the average litter 
size and the average neonatal weight of the different species of pig are listed in 
Table 1. It is important to note from the table that among individuals of a single 
species there may be considerable variation in the size of the litter. There is 
also considerable variation in the weight of the piglets at birth. Studies in the 
domestic pig indicate that body weights of fetuses and neonates may differ by 
as much as 100 9o (Gjesdal 1972), and similar variation has been reported for 
Bushpig (Seydack 1990) and Warthog (Child et al. 1968). 


2.4 Blood volume 


The total blood volume of the domestic sow increases from about 11 litres at 
about the time of conception to 14 litres twelve hours after parturition, with 
most of this 28 9o increase occurring between days 77 and 98 of pregnancy 
(Matte and Girard 1996). In another study, the blood volume per kilogram of 
sow's body weight decreased from conception (63 ml/kg) until about mid preg- 
nancy (55.1 ml/kg), after which it increased to 62.3 ml/kg just prior to birth 
(Anderson et al. 1970). The total circulating haemoglobin rose from 1 kg at the 
start of pregnancy to 1.5 kg on the 110th day. In 9 older sows, the increase in 
total blood volume averaged 2.6 litres during an average gain in pregnant body 
weight of 22 kg. 

The distribution of this increased volume of blood has not yet been studied 
in any pig species, and is incompletely studied in other species. The enlarged 
veins of the pig uterus seen at caesarean section are an indication of increased 
venous distensability. The additional heat loss required by the sow with 
actively growing produets of conception is probably accomplished by a high 
rate of blood flow to the maternal skin. Cardiae output increases during preg- 
nancy along with increased pulmonary blood flow, and an increased maternal 
consumption of oxygen is to be expected (Stock & Metcalfe 1994). 

The blood volume of the fetal domestic pig averaged 100 + 5 ml/kg of fetal 
body plus placental weight during the last two weeks of pregnancy (Maedonald 
et al. 1986). No data on the blood volume of other species of pig were found. 


2:5 Digestive system 


The general anatomy of the digestive traets of the domestic pig, Eurasian wild 
pig, Pigmy hog, Common wart hog, Bushpig and Babirusa have been studied 
(for references see Macdonald 1991). The structure of the stomach is largely 
the same although the cardiac gland region of the Babirusa stomach is en- 
larged relative to those of the other species and it has a much enlarged diver- 
tieulum (Leus et al. 1999). The structure of the intestinal tract in largely the 
same in each of these pigs. 

There is almost no information on the direct effects of pregnancy and lac- 
tation on the biology of the digestive system of the pig. Studies on the domestic 
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pig showed that pregnancy had no effect on the weights of the different compo- 
nents of the gastrointestinal tract (Pelletier et al. 1987). However, one recent 
study demonstrated that if the pregnant sow had access to a diet with a high 
energy content the weight of the digestive tract tended to be heavier at the end 
of gestation (Dourmad et al. 1996). The weight of the liver was not affected by 
the energy content of the diet. No specifie studies of a directly comparable 
mature have been carried out on the other species of pigs. However, it may be 
worth noting that the weight of the abdominal contents (internal offal) of the 
pregnant female Warthog was heavier than that of the non-pregnant female 
(Mason 1982). In the rat, hypertrophy of all lavers of the mucosa of the small 
intestine has been noted in late pregnancy and during lactation (Stock & Met- 
calfe 1994). This may lead to an increase in the total absorptive capacity of the 
intestine during pregnancy and lactation of this species. There is as yet no 
comparable histological information available to provide confirmation of this 
observation for any of the pig species. 


3. The lactating animal 


3.1 Mammary gland 


The maximum haemodynamic load associated with gestation occurs shortly 
before delivery, when uterine blood flow is at its highest and mammary blood 
flow is rising in anticipation of lactation. The maternal haemodynamic commit- 
ment to reproduction does not end with the delivery of the voung, but continues 
during lactation (Stock & Metcalfe 1994). Lactation involves an augmented 
blood flow to the digestive tract, including the liver, presumably related to in- 
creased food consumption and protein production. The number of functioning 
teats are shown in Table 1. 

The mammary gland of the domestie pig has been described bv Turner 
(1952). The mammary gland of the Babirusa near the end of gestation is illus- 
trated in Figure 3. Most sows of the latter species have four glands. one pair 
inguinally located and the other pair on the abdomen, but an additional pair 
has sometimes been reported slightly eranial to the others (Leus et al. 1992). 
There is a pronounced inerease in the volume of the Babirusa mammarv glands 
one day before birth. The mammarv gland of the Bushpig comprises three pairs 
of glands, although their location has not been defined (Sevdack 1990). The 
udder of the non-lactating Warthog comprises two pairs of mammary glands 
which are small and flat, the caudal pair located in the inguinal region and the 
cranial pair in the abdominal region just behind the umbilicus (Owen 1851, 
Clough 1969). From about 20 days before birth there is a clear inerease in their 
size (Figure 3), and small amounts of viscous secretion can be expressed from 
the teats at this time (Mason 1982). The weights of lactating mammary gland 
tissue from eleven Warthogs were found to lie between 300 g and 960 g (Mason 
1982). Involution of the udder tissue follows weaning. 
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Babirusa Warthog Pigmy hog 


Fig.3. The relative positions of the reproductive organs and mammary glands of the 
pregnant Babirusa (Babyrousa babyrussa), Common warthog (Phacoch- 
oerus africanus), and Pygmy hog (Sus salvanius); two of the three pairs of 
abdominal mammary glands of the Pigmy hog are illustrated. The intestines 
have largely been removed for clarity. 

1: ovary; 2: pregnant uterine horn; 3: broad ligament of the uterus; 4: bladder; 
Ə: cervix; 6: descending colon: 7: cut section of the pelvis. 


The Pigmy hog is reported by Garson (1883) to have three pairs of abdom- 
inal mammary glands (two of which are shown in Figure 3). The teats of the 
eranial pair are smaller than the other two pairs, and were observed to swell 
gradually about 7 to 3 weeks before birth (Narayan et al. 1997). About four 
weeks before birth there is also a ehange in the structure of the mammary 
gland of the Eurasian wild pig (Martys 1982). The teats grow longer and the 
udder becomes heavier. As early as about 9 days before birth it may be possible 
to obtain liquid from the teat (Martys 1982). In most sows this is possible one 
or two days before birth. 

The produetion of milk by the mammary gland of the domestie sow 
increases to a maximum by about four weeks of age and declines thereafter 
(Elsley 1971). The amount secreted is increased by the number of piglets suck- 
ling (Table 2), and although the yield also varies according to the breed and age 
of the neonates, litter size has the greatest positive influence on total produc- 
tion of milk from sows (Elslev 1971, Hartmann et al. 1997). The composition of 
the milk samples obtained from five different species of pig are shown in 
Table 3. It is worth noting that although these samples were obtained within 
the first few weeks of lactation and are roughly comparable, there has not been 
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the same type of systematic study in wild pigs of milk composition during lac- 
tation, as there has been for the domestic sow. 


Table 2 
The effect of litter size on milk yield in the domestic pig (Sus domesticus). 


Number of piglets 4 5 6 7 8 9 10 1 12 


Daily milk yield (kg) 

per litter 40). 485 5.2 2308266 70 0,0 0892. 8.6 

per piglet 10 1.0. 09. 09 “OS 08 205 0:6 0.7 
Data from Elsley (1971) 


The blood flow to the mammary tissue does not appear to have been meas- 
ured in the sow. The data on milk production in Table 2, and results from stud- 
ies of other species are consistent with the presence of a high mammary blood 
flow at the end of gestation and for the first month of lactation (Stock & Met- 
ealfe 1994). 


Table 3 
Composition of milk from different pig species. 
Pig species Total solids Fat (9/0) Protein (o) Sugar (%) Reference 
(9) 
Phacochoerus 19-20 Ta 7.0 3.4 Roth 1967, in 
africanus Child et al. 1968 
Potamochoerus 24.2 10.4 9.4 3.0 Seydack 1990 
larvatus 
Babyrousa 23 13 7.8 2 Bowles (pers. 
babyrussa por 
Sus scrofa 16 4 9 2 Haber 1969, in 
Briederman 1990 
Sus domesticus 20 1-9 5-7 5 Elsley 1971 


3.2 Body weight 


Much of the body weight increase which the domestic sow has made during 
pregnancy may be lost during lactation (Shields and Mahan 1983). The body 
weight of the Bushpig was also significantly lighter (60 kg) during lactation 
than during pregnancy (71 kg) (Seydack 1990). This is due in part to the deliv- 
ery of the young, but in addition, the subcutaneous, peritoneal and bone mar- 
row fat deposits were significantly reduced in the lactating Bushpig when 
compared to those in the pregnant animal. Both the duration of lactation and 
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the size of the litter adversely influence the body condition of the Bushpig sow, 
which is shown as reduced body fat stores (Seydack 1990). 

The Bearded pig also loses weight during lactation, and it is reported that 
the females accompanied by small piglets are invariably thin or very thin (Cal- 
decott et al. 1993). For the Warthog, an indication of the body weight of lactating 
sows may be derived from their dressed carcass weights. Mason (1982) noted 
that they remained low following the onset of the rainy season, despite the 
improved grazing, and suggested that this was probably the consequence of the 
demands of nursing the young. There is no data on the change in body condi- 
tion of the lactating Babirusa sow or any of the other wild pigs. 


3:3 Digestive system 


It has been shown in a number of mammalian species that with the high meta- 
bolie demands of lactation there is an enlargement in the liver, the walls of the 
stomach and the gastrointestinal tract. Lactating domestic sows also have 
heavier empty intestinal tract weights than non-pregnant sows (Shields & Ma- 
han 1983). Liver weights are larger in lactating sows than in non-pregnant do- 
mestic sows, and sows nursing twelve piglets had heavier livers than those 
nursing eight (Pelletier et al. 1987). Similarly, the liver of the lactating Eurasian 
wild pig is larger, relative to body weight, than that found in the non-laetating 
sow (Koslo 1975 in Briederman 1990). However, studies on other species of 
mammals show that these effects can be modified by dietary factors, with food 
restriction reducing the increase in liver and gut size during lactation (Robin- 
son 1986). Although information might be available in a systematie way from 
the annual cull of Eurasian wild pig and could be related to the measured avail- 
ability of food during that season, it was surprising that no data specifie to the 
effect of diet on the digestive system of the lactating wild pig has been found. 
Similarly, it would be possible to gather information from annual culls of Afri- 
can pig species and similarly relate these to the differences in the local availa- 
bility of plant (and animal) nutrients. 


3.4 Blood volume 


In 20 domestie sows studied during their second parity from parturition to 
weaning at 4 wk of lactation, blood volume decreased linearly by approximately 
9% (Matte & Girard 1996). No data seem to be available for other species of 


pigs. 


4. Comparative ecology of pregnancy and lactation 


The ecology of pregnancy and lactation embraces a wide range of topies, such 
as habitat, social organisation, diet and predation. There appear to have been 
no specific studies of these with respect to the state of pregnancy and lactation 
in any of the wild species of pigs. However, for a number of years, the ecology 
of the managed domestic pig has been the subject of increasing interest, and 
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information on the diet and nutrient utilisation of the sow has been intensively 
studied (e.g. Mroz et al. 1995, Foxeroft 1997, Mahan & Vallet 1997, Noblet et al. 
1997, Trottier 1997, Varel & Yen 1997, Mackenzie & Revell 1998; van der Peet- 
Schwering et al. 1998, Vestergaard & Danielsen 1998, Whittemore 1998). The 
reader is referred to these reviews for detailed information. 


4.1 Social groups 


There is a gradually increasing amount of information on the social structure 
of the different pig species, much of which was summarised in the proceedings 
of a recent meeting in Berlin (Frädrich 1991), in the IUCN status survey and 
conservation action plan for pigs, peccaries and hippos (Oliver 1993) and in a 
forthcoming book on the biology of pigs, peccaries and hippos (Macdonald and 
Gansloßer 2000). The updated information relevant to the sow is presented 
briefly here. 

In equatorial regions Warthogs breed throughout the year (Vereammen & 
Mason 1993). However, there is a distinct farrowing season in most of eastern 
and southern Africa, which is related to the pattern of rainfall (Child et al. 1968, 
Boshie 1981. Mason 1982). Similarly, in regions of higher rainfall spread over 
most months of the vear, farrowing is synchronised to the short dry season 
(Vercammen & Mason 1993). Female sows are almost always found singly 
together with juveniles and subadults (Mason 1982, Somers et al. 1994). Bv way 
of contrast, Forest hogs live in family groups of 6-14 individuals led by an adult 
male (D'Huart 1978, 1991). Two or more females are usually present, together 
with juveniles and subadults. Bushpigs and Red river hogs (Potamochoerus 
porcus) also live in family groups of 9-15 individuals, in which both parents 
play a role in the rearing and defence of the voung (Sevdack 1990). Bushpigs 
are predominantly nocturnal, although there is some evidence to suggest that 
diurnal activity in winter may be related to temperature regulation (Veream- 
men et al. 1993). The Eurasian wild pig may also become nocturnal in disturbed 
areas, but is usually most active in the early morning and late afternoon (Brie- 
dermann 1990). The adult female and her litter forms the basie social unit, a 
social grouping which is said to be the case for the Pigmy hog and the Javan 
warty pig (Sus verrucosus) also (Oliver 1980, Blouch 1993). The Sulawesi 
warty pig, has been seen with voung, and with other males and females, but 
there are no detailed studies of the social grouping of this species in the wild 
(Macdonald et al. 1996). The Babirusa sow tends to be found alone with voung, 
which may be subadults and/or juveniles, although groups of from one to three 
adult females with young have been seen together (Patry et al. 1995). Two 
thirds of the groups containing adult females and young had no adult males 
present. 

Observations in zoological collections revealed that when the Babirusa sow 
nears the end of pregnancy she becomes more antagonistic (Leus et al. 1992). 
It has also been observed that adult male and female Babirusa will cannibalise 
the piglets from another sow (Bowles 1986, Leus et al. 1992). It is likely, there- 
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fore, that in the wild the sow separates from the other pigs during the farrowing 
period. The prefarrowing behaviour of the Warthog also comprised some ago- 
nistic behaviour towards other Warthogs as well as former siblings from about 
6-8 weeks prior to farrowing (Cumming 1975). Pregnant Eurasian wild pig 
segregate themselves about 5-6 days before birth and become intolerant of 
other group members (Martys 1982). However, no intolerance was shown by the 
Bushpig or the Red river hog (Seydack 1990, Neurohr 1991). 


4.2 Nests and burrows 


Although not all pigs make nests in which to sleep at night, the pregnant sow 
will either construct a farrowing nest, or in the case of the Common warthog, 
use a burrow in which to deliver her young. The pre-parturient Forest hog 
makes a nest of tall grasses under piles of branches 1.5 m high and 4 m in 
diameter (D'Huart 1978), and large nests made out of grasses have also been 
reported for the Bushpig, although whether or not they are constructed seems 
to be weather-dependent (Sowls & Phelps 1966; Seydack 1990). The farrowing 
nests made by the Babirusa in the wild tend to be up to 3 metres long and con- 
structed over a depression in the ground which may be up to 25 em deep, and 
similar constructions (Figure 4) have been constructed within the last 48 hours 
by animals in zoological collections (Selmier 1978; Leus et al. 1992). The Su- 
lawesi warty pig makes a farrowing nest which can be distinguished from that 
of the Babirusa in that it is smaller, and shows evidence of rooting behaviour 
during its construction (Selmier 1978). The Pigmy hog makes a nest about 
> 160 x 140 x 45 em in the night of parturition (Figure 4) which is of a similar 
design but apparently somewhat larger than that used for overnight accommo- 
dation of non-pregnant animals (Oliver 1980, Oliver et al. 1997). The latter, 
which has been described in detail, is constructed over a circular or oval 10 em 
deep depression in the ground formed first by rooting and pushing the soil out- 
wards with the snout. The Eurasian wild pig and the domestic pig also prepare 
a farrowing nest shortly before delivery of the young (Frädrich 1965, Brieder- 
mann 1990, Maedonald [unpubl.]). The Warthog generally uses holes in the 
ground for shelter at night and for farrowing, and will sometimes bring grass 
into the latter, as shown in Figure 5. The effectiveness of Warthog holes in mod- 
erating daily temperature fluctuations is described by Sowls & Phelps (1966), 
Bradley (1971) and Radke (1991). 


4.3 Nutrition during gestation and lactation 


In Southeast Asia, the mating of the Bearded pig seems to coincide with the 
flowering of the trees of the Dipterocarpaceae dominated rain forests, and the 
offspring are born about three or four months later when the ripe, oil-rich fruits 
fall to the ground (Caldecott & Caldecott 1985, Dove 1993). Similarly in Europe, 
during a good fruiting year, acorns and/or beech nuts may comprise up to 80 % 
of the diet of the Eurasian wild pig from October to February, with about two 
thirds of the births being concentrated in the months of March and April (Stub- 
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Fig. 4. The nest constructions used for farrowing by (A) the Babirusa (Babyrousa 
babyrussa) and (B) the Pigmy hog (Sus salvanius). (A from Leus et al.. 1992 
and B from Oliver, 1980) 


be and Stubbe 1977, Briederman 1990). When food is abundant, such as after a 
plentiful fall of acorns or beech nuts, there is an increase in their reproduetion 
(Mauget 1982, Briederman 1990). Pregnant Bushpigs appear to select a diet 
high in crude fibre/cellulose, if it is available, and thereby accumulated energy 
stores as subeutaneous and intra-abdominal fat before birth (Seydack and 
Bigalke 1992). However, the average size of Bushpig litters tended to be small 
(1.7) in sows which had become very fat (Seydack 1990). Although the pregnant 
and lactating females were not identified separately, adult females Warthog 
have been seen to spend more time feeding than adult males (Somers 1997). 
Warthogs sows preferentially consume the rhizomes of grass species during 
ihe dry season, when they are pregnant (Cumming 1975). During the dry sea- 
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Fig.5. Plan and elevation of a Common warthog (Phacochoerus africanus) burrow 
in which a family of piglets was born. The floor of one arm of the burrow (B) 
was eovered with dry grass (from Bradley 1971). 


son the cardiac content of the Warthog stomach has a crude protein composi- 
tion of 7.1 9o (Rodgers 1984). 

The Warthog farrowing season is mainly during October and early Novem- 
ber in eastern Africa, about one month before the rains (Child et al. 1968, 
Mason 1990). A similar synchrony with the rains, somewhat earlier in the year 
is seen in Senegal (Guiraud 1948). The young grass produced by the rains not 
only provides enough food of high quality for the lactating female and her 
young, but also provides additional cover (Child et al. 1968, Boshie 1981). Mate- 
rial in the stomach of the Warthog during the wet season, had a crude protein 
content of 11.1 90 (Rodgers 1984). However, if drought conditions, following the 
failure of the spring rains, coincide with farrowing, Warthog sows are in poor 
body condition, and neonatal mortality is particularly high (Mason 1990). The 
lactating Bushpig selects diets from fast-growing plant tissues, where nitrogen 
and minerals such as phosphorus are eoncentrated, and does not have to con- 
centrate on meeting her energy requirements because of fat stores in her body 
(Seydack & Bigalke 1992). It is not surprising that Bushpig lactation coincides 
with the plant growing season. However, Bushpigs normally forage over large 
areas, and because of limited mobility of the piglets, this is not possible during 
the first two months after giving birth (Seydack 1990). The Bushpig boar 
assists with the rearing of the young and will guard the piglets, thereby allow- 
ing the sow to roam more widely to feed. Further studies are required to iden- 
tify and further quantify the nutrients being obtained by pregnant and lactating 
sows of all pig species in the wild. 
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Water consumption by lactating domestic sows is estimated to be at least 
40 % higher than that in non-lactating sows (Mroz et al. 1995). The foraging dis- 
tance of Warthog sows with neonates is determined by the distance between 
her farrowing burrow and the nearest water supply (Somers et al. 1994). Fur- 
ther observations on other species of pigs would be useful. 

Studies of the nutrition of the domestie sow have uncovered the details of 
what may serve as a number of useful concepts to apply to the study of nutri- 
tion of the pregnant and lactating wild pig. Maternal nutrition, via its effects on 
fetal metabolism, fetal growth and the colostrum production at birth plays an 
important role in neonatal viability. Undernutrition reduces uterine blood flow 
and uteroplaeental glucose uptake leading to fetal hvpoglyeaemia (Widdowson 
1971. Fowden et al. 1997). Glycogen is the main stored energy source in the 
new-born piglet, and ean be inereased if an appropriately nutrient rich diet is 
available during gestation (Seerlev 1989). However, lactating sows need more 
energy and protein than pregnant sows. When sows are fed the wrong amounts 
of nutrients, post-weaning oestrus is delayed, conception rates fall. litter sizes 
are reduced and milk yields (and piglet weaning weights) are reduced (Foxcroft 
1997, Whittemore 1998). The laetating sow will use her own body reserves to 
supplement dietary nutrient intake. It is advised that lactating sows should be 
fed to appetite, and to achieve the required intake of nutrients, a greater quan- 
tity of diet of lower nutrient density is needed (Whittemore 1998). Domestic 
sows have been shown to digest fibre more effectively than growing pigs (Varel 
and Yen 1997). Increased absorption of bacterially produced volatile fatty acids 
by pregnant sows elevated the fat and energy content of milk. 

The role of microbial digestion of fibre by wild pigs also deserves study, 
from both a nutritional and a behavioural viewpoint. Studies of the pregnant 
domestic sow demonstrate that it is possible to feed very differently composed 
diets without detrimental effeets on the numbers of piglets born or the weight 
of the piglet at weaning (Vestergaard and Danielsen 1998). Diets with a high 
content of soluble fibre may also increase litter size (Varel & Yen 1997), perhaps 
by an underlying, and as yet incompletely understood endocrinological mecha- 
nism (Robinson 1990, Foxcroft 1997). This may explain why a female Red river 
hog only reproduced after her high-fat, high-sugar diet was changed to a high 
fibre diet (Diamant 1997). Additionally and importantly, diets with a high con- 
tent of soluble fibre have demonstrated advantages over concentrate diets in 
their large capacity to induce satiety of the pregnant sow, and to reduce or pre- 
vent stereotypie and other abnormal behaviour (Varel & Yen 1997). How these 
should be adapted and tested with different species of wild pigs remains to be 
investigated systematically. 


4.4 Suckling behaviour 


Neonatal piglets are poorly insulated and very susceptible to loss of heat in the 
first few hours after birth. Mount (1962) found with domestic pigs, and Sevdack 
(1990) with Bushpig that neonates and juveniles would huddle or bunch togeth- 
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er, thereby deereasing their total surface area for heat loss. There is some evi- 
dence thai the rectal temperature of the Warthog neonate fluctuates to a 
greater extent in response to day and night ambient temperatures than that of 
the Bushpig neonate, and that the former relies on the burrow to provide a 
warmer environment during the night (Sowls & Phelps 1966). Rapid colostrum 
consumption is vital for neonatal pigs as a thermogenic substrate, with the first 
suckling usually oceurring within 30 minutes of birth in domestie and Eurasian 
wild pigs, and Babirusa (Gundlach 1968, Leus et al. 1992, Noblet et al. 1997). 

The colostrum of the Warthog, like that of the domestic pig is very rich in 
protein (Faust 1961). The piglets stay in the burrow for about the first two 
weeks after birth (Somers et al. 1995). Although suckling can continue for 21 
weeks (Table 1), it may not be nutritionallv essential bevond 9 weeks (Child et 
al. 1968). The young Warthog, like that of the Eurasian wild pig and Forest hog 
is also aceustomed to suckle from lactating females other than its mother 
(allosuckling) (D'Huart 1978, 1991, Martys 1982, Somers et al. 1995). The con- 
tribution that suckling makes to the strengthening of social bonds within the 
post-parturient social group remains to be studied. 

Throughout the suckling period, the mean time spent suckling by Warthog 
piglets was 77.5 seconds with the interval between bouts of suckling averaging 
37.4 minutes (Somers et al. 1995). In the wild the Babirusa juvenile seems to be 
able to obtain milk for a relatively long time, despite the contact between 
mother and piglet being broken repeatedly (Patry et al. 1995). Observations in 
the zoo suggest that nursing lasts for about one to three minutes, with piglets 
feeding from two teats alternately for about 20 seconds (Selmier 1978, Bowles 
1986, Macdonald 1991). 


4.5 Weaning 


There is a considerable range in the number of days that the young spend suck- 
ling, and the time after birth that they are weaned normally. This is indicated 
in Table 1. There is little detailed information available from the wild, and 
where it is available, shows that piglets in the wild will be weaned about one 
month earlier than those reared in captivity (e.g. Bushpigs, Seydack 1990). 
Young Warthog will eat solid food from about one month of age (Frädrich 1966, 
Child et al. 1968, Mason 1982). Many observations are made of the behaviour of 
neonatal piglets in zoos, and are recorded in the daily reports of the keepers. 
It would be of more than passing interest to have this material published as it 
would assist an appreciation of the changing nutrient requirements of the pig- 
let in the first few weeks after birth. 


5. Zoo and field-based studies of nutrition during pregnancy 


In a number of recent reviews of the influence of nutrition on the reproduction 
of farm animals, attention has been drawn to the very small numbers of exper- 
iments which consider the implications of a nutritional effect applied at one 
point in the reproductive cycle to events later on in the same cycle, and to the 
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fewer studies still which consider the overall reproductive lifespan of the ani- 
mal (Robinson 1990, Foxcroft 1997, Whittemore 1998, Peet-Schwering et al. 
1998). There is convincing evidence that nutrition and metabolie state have an 
effect on embryo survival, and that the clearest responses to changing nutri- 
tional state occur when nutrition is limiting. For those working with animals in 
the wild and in zoological collections, the overall reproductive lifespan of the 
animal has been an obvious consideration, even though the information of how 
nutrient availability might affect it is still quite lacking. However, some atten- 
tion to this topic with respect to the Bushpig may be found in the studies by Sey- 
dack and Bigalke (1992). They demonstrated that sows from the nutrient-poor 
Southern Cape had large body sizes, small litter sizes and high energy storage 
levels, whereas Bushpig sows from the nutrient-rich Eastern Cape had small 
body sizes, large litters and low energy storage levels. 

It is important therefore to learn from the studies of the domestic pig, and 
io recognise that apparently beneficial effects of enhanced nutrition at or 
before ovulation may result in counter-productive effects later in gestation 
when the demands for nutrient from the gravid uterus may not be supplied by 
the digestive traet. Until adequately designed and co-ordinated studies have 
been carried out within zoos and in the field, it may be wise for zoo nutritionists 
to establish simple, sufficient and specific diets for the different species of pigs 
held in zoological collections, and for individual zoos to train their keepers to 
feed their pregnant animals individually to maintain their body condition prior 
to lactation. The amounts of nutrients fed to the pregnant animal should pro- 
vide for the maintenance of the sow, the tissue produets of conception (fetuses, 
uterine development, placental tissues, mammary growth), the growth of 
maternal body protein and lipid, and the deposition of protein and lipid 
reserves which will be available to support the fortheoming lactation (Whitte- 
more 1998). Likewise, the amounts which should be fed to the lactating animal 
should correspond to the demands being made on her at that time. It is natural 
that the sow will mobilise body lipid and protein for milk svnthesis, and lose 
body weight, but it is essential that adequate food supply is given to her to pre- 
vent (hat loss from being excessive, which might compromise subsequent 
reproductive performance (Whittemore 1998, Peet-Schwering et al. 1998). Zoo- 
logical collections should monitor these changes, in part by routinely weighing 
their animals. It is also important to recognise that because of normal varia- 
tion, it is essential to have good experimental design, and particularly to 
ensure the individual study of large enough numbers of individual animals, 
when seeking to uncover the effects of nutritional treatments. 

The problems of quantifying the food intake of wild animals, in terms of 
amount of specific food items eaten and their chemical composition has been 
acknowledged for some time (see reviews by Dierenfeld 1997 and Chivers 
1998). Nevertheless, it is the detailed information on the nutrient composition 
of the plant or animal species consumed in the wild which will ultimately pro- 
vide information necessary to the compilation of dietary guidelines for applica- 
tion to captive populations of animals. Although all pig species are omnivores, 
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there are significant differences in the proportions occupied by each of the die- 
tary constituents, when differences in habitat preferences and foraging meth- 
ods are taken into consideration (Leus & Macdonald 1997). The additional 
impaet of pregnancy and lactation on dietary intake has largely been unex- 
plored in studies of wild pigs. In order to effectively manage, and where neces- 
sary conserve, wild pig populations in the wild and in captivity, quantitative 
data must be gathered on the species (plant and animal) and biochemical com- 
position of the animals’ diets, during the pregnant and lactating states. 


Acknowledgements 


I wish to thank Colin Warwick for the production of the figures, and to Kristin 
Leus, Jean Pierre D'Huart, Achim Winkler and Parag Deka for comments and 
the contribution of personal observations to this paper. The funding support of 
the University of Edinburgh and the Balloch Trust is also gratefully acknowl- 
edged. 


Bibliography 

Anderson, D.M., EW.H. Elsley, I. McDonald 1970: Blood volume changes during 
pregnancy and lactation in sows. Quarterly Journal of Experimental 
Physiology 55: 293-300. 

Aumaitre, A., C. Morvan, J. Quere, J. Peiniau, G. Vallet 1982: Productivité 
potentielle et reproduction hivernale chez la laie (Sus scrofa) en milieu 
sauvage. Journées Recherches Porcine en France 14: 109-124. 

Blouch, R.A., 1993: The Javan warty pig. Pp. 129-136 in: Status Survey and 
Conservation Action Plan: Pigs, Peccaries and Hippos (W.L.R. Oliver, 
ed.). IUCN: Gland. 

Boshie, J.I., 1981: Reproductive ecology of the warthog Phacocoerus aethiopi- 
cus and its significance for management in the eastern Selous game 
reserve, Tanzania. Biological Conservation 20: 37-44. 

Bowles, D., 1986: Social behaviour and breeding of babirusa Babyrousa bab- 
yrussa at the Jersey Wildlife Preservation Trust. Dodo, Journal of the 
Jersey Wildlife Preservation Trusts 23: 86-94. 

Bradley, R.M., 1971: Warthog (Phacochoerus aethiopicus Pallas) burrows in 
Nairobi national park. Zast African Wildlife Journal 9: 149-152. 

Briedermann, L., 1990: Schwarzwild. 2nd edition. Berlin: VEB Deutscher 
Landwirtschaftsverlag. 

Caldecott, J., 1991: Eruptions and migrations of bearded pig populations. 
Bongo, Berlin 18: 233-243. 

Caldecott, J.O., R.A. Bloueh, A.A. Macdonald 1993: The Bearded Pig, Sus bar- 
batus. Pp. 136-145 in: Status survey and conservation action plan: 
pigs, peccaries and hippos (W.L.R. Oliver, ed.). IUCN: Gland. 

Caldecott, J.O., A. Caldecott 1985: A horde of pork. New Scientist 107: 32-35. 


25H 


A.A. Macdonald 


Child, G., H.H. Roth, M. Kerr 1968: Reproductive and recruitment patterns in 
warthog populations. Mammalia 32: 6-29. 

Chivers, D.J., 1998: Measuring food intake in wild animals: primates. Proceed- 
ings of the Nutrition Society 57: 321—332. 

Clough, G., 1969: Some preliminary observations on reproduction in the 
warthog, Phacochoerus aethiopicus Pallas. Journal of Reproduction aud 
Fertility, Supplement 6: 323-337. 

Corbett, G.B., J. Clutton-Brock 1984: Appendix: taxonomy and nomenclature. 
Pp. 434-438 in: Evolution of Domesticated Animals (I.L. Mason, ed.). 
London: Longman. 

Cumming, D.H.M., 1975: A field study of the ecology and behaviour of 
warthog. Museum memoir No. 7. Salisbury, Rhodesia, Trustees of the 
National Museums and Monuments of Rhodesia. 

D'Huart, J.P, 1978: Écologie de l'hylochere (Hylochoerus meinertzhageni 
Thomas) au pare national des virunga. Fondations pour favoriser les 
recherches scientifiques en Afrique, 2e Série 25: 1-156. 

D'Huart, J.P, 1991: Monographie des Riesenwaldschweines (Hylochoerus 
meinertzhageni). Bongo, Berlin 18: 103-118. 

Diamant, K., 1997: Diet for a healthy zoo. Zoonooz (march) 1997: 14-19. 

Dierenfeld, E.S., 1997: Captive wild animal nutrition: a historical perspective. 
Proceedings of the Nutrition Society 56: 989-999. 

Dourmad, J.Y., M. Etienne, J. Noblet 1996: Reconstitution of body reserves in 
multiparous sows during pregnancy: effect of energy intake during preg- 
nancy and mobilization during the previous lactation. Journal of Animal 
Science 74: 2211-2219. 

Dove, M.R., 1993: The responses of Dayak and bearded pig to mast-fruiting in 
Kalimantan: an analysis of nature-culture analogies. Pp. 113-123 in: Tropi- 
cal forests, people and food. Man and the biosphere 13 (C.M. Hladik, 
A. Hladik, O.F Linares, H. Pagezy, A. Semple, M. Hadley, eds.). Paris: Unesco 
& The Parthenon Publishing Group. 

Elsley, E W.H., 1971: Nutrition and lactation in the sow. Pp. 393-411 in: Lacta- 
tion (I.R. Falconer, ed.). London: Butterworth. 

Elsley, EW.H., D.M. Anderson, I. MeDonald, R. M. MacPherson, R. Smart 1966: 
A comparison of the live-weight changes, nitrogen retention and carcass 
composition of pregnant and non-pregnant gilts. Animal Production 8: 
391-400. 

Faust, R., 1961: Milehanalyse vom Warzenschwein (Phacochoerus aethiopi- 
cus L.). Der Zoologische Garten 26: 121. 

Fowden, A.L., A.J. Forhead, M. Silver, A.A. Macdonald 1997: Glucose, lactate 
and oxygen metabolism in the fetal pig during late gestation. Experimental 
Physiology 82: 171-182. 

Foxcroft, G.R., 1997: Mechanisms mediating nutritional effects on embryonic 
survival in pigs. Journal of Reproduction and Fertility Supplement 52: 
47-61. 


232 


Pregnancy and lactation in wild pigs 


Frädrich, H., 1965: Zur Biologie und Ethologie des Warzenschweines (Phaco- 
choerus aethiopicus Pallas), unter Berücksichtigung des Verhaltens 
anderer Suiden. Zeitschrift für Tierpsychologie 22: 328-393. 

Frädrich, H., 1966: Breeding and hand-rearing warthogs Phacochoerus aethi- 
opicus at Frankfurt zoo. International Zoo Yearbook 6: 200-202. 

Frädrich, H., (ed.) 1991: Sitzungberiehte der Tagung über Wildschweine und 
Pekaris im Zoo Berlin (12-15. JULI 1990). Berlin, Bongo 18. 

Garson, J.G., 1882: Notes on the anatomy of Sus salvanius (Poreula salva- 
nia, Hodgson). Part 1. External characters and visceral anatomy. Proceed- 
ings of the Zoological Society of London 28: 413-418. 

Gjesdal, E, 1972: Age determination of swine foetuses. Acta Veterinaria 
Scandinavica Supplement 40: 1-29. 

Groves, C.P, 1981: Ancestors for the pigs: Taronomy and phylogeny of the 
genus sus. Technical Bulletin No 3. Canberra, Department of Prehistory, 
Research School of Pacific Studies, Australian National University. 

Guiraud, M., 1948: Contribution a l'étude du Phacochoerus aethiopicus (Pal- 
las). Mammalia 12: 54-66. 

Gundlach, H., Brutfürsorge, Brutpflege, Verhaltensontogenese und Tagesperi- 
odik beim Europäischen Wildschwein (Sus scrofa L.). Zeitschrift für 
Tierpsychologie 25: 955-995. 

Hartmann, P.E., N.A. Smith, M.J. Thompson, C.M. Wakeford, P.G. Arthur 1997: 
The lactation cycle in the sow: physiological and management contradic- 
tions. Livestock Production Science 50: 75-87. 

Leus, K., D. Bowles, J. Bell, A. A. Macdonald 1992: Behaviour of the babirusa 
(Babyrousa babyrussa) with suggestions for husbandry. Acta Zoologica 
et Pathologica Antverpiensia 82: 9-27. 

Leus, K., G.P Goodall, A.A. Macdonald 1999 [in press]: Anatomy and histology of 
the Babirusa (Babyrousa babyrussa — Suidae, Mammalia) stomach. Comptes 
rendus de l'académie des sciences - série III des sciences de la vie. 

Leus, K., A.A. Macdonald 1997: From babirusa (Babyrousa babyrussa) to 
domestic pig: the nutrition of swine. Proceedings of the Nutrition Society 
56: 1001-1012. 

Lodge, G.A., D.W. Friend, M.S. Wolynetz 1979: Effect of pregnancy on body 
composition and energy balance of the gilt. Canadian Journal of Animal 
Science 59: 51-61. 

Macdonald, A.A., 1991: Monographie des Hirschebers (Babyrousa bab- 
yrussa). Bongo, Berlin 18: 69-84. 

Macdonald, A.A., U. Gansloßer, (eds.) [in press]: Wilde Schweine und 
Flusspferde. Filander: Fürth. 

Macdonald, A.A., A.EL.M. Kneepkens, A.A. Bosma 1984: Anatomical studies 
on the female and male reproductive tracts of wild pigs. Pp. 93-104 in: 
Symposium international sur le sanglier, les colloques de l'inra, 22 
(F Spitz and D. Pepin, eds.). Paris: INRA. 


233 


A.A. Macdonald 


Macdonald, A.A., K. Leus, A. Florence, J. Clare, M. Patry 1996: Notes on the 
behaviour of Sulawesi Warty pigs (Sus celebensis) in North Sulawesi, Indo- 
nesia. Malaysian Nature Journal 50: 47-53. 

Macdonald, A.A., B.D. Payne, L. Kaufman, M.A. Heymann, A.M. Rudolph 
1986: Red blood cell volume of the pig fetus. Research in Veterinary Sci- 
ence 42: 7-11. 

Maekenzie, D.D.S., D.K. Revell 1998: Genetic influences on milk quality. Pp. 
97-112 in: The Lactating Sow (M.W.A. Verstegen, P.J. Moughan, and J.W. 
Scharma, eds.). Wageningen: Wageningen Pers. 

Mahan, D.C., J.L. Vallet 1997: Vitamin and mineral transfer during fetal devel- 
opment and the early postnatal period in pigs. Journal of Animal Science 
75: 2731-2738. 

Martys, M., 1982: Gehegebeobachtungen zur Geburts- und Reproduktionsbiol- 
ogie des Europäischen Wildschweines (Sus scrofa L.). Zeitschrift für 
Säugetierkunde 47: 100—113. 

Mason, D.R., 1982: Studies on the Biology and Ecology of the Warthog 
Phacochoerus aethiopicus sundevalli Lönnberg, 1908 in Zululand. D. Se. 
thesis, Pretoria: University of Pretoria. 

Mason, D.R., 1990: Juvenile survival and population structure of blue wilde- 
beest and warthogs in the Central Region of the Kruger National Park dur- 
ing the mid-summer drought of 1988/89. Koedoe 33: 29-45. 

Matte, J.J., C.L. Girard 1996: Changes of serum and blood volumes during ges- 
tation and lactation in multiparous sows. Canadian Journal of Animal 
Science 76: 263-266. 

Mauget, R., 1982: Seasonality of reproduction in the wild boar. Pp. 509-526 in: 
Control of Pig Reproduction (D.J.A. Cole & G.R. Foxcroft, eds.). London: 
Butterworth. 

Mount, L.E., 1962: The influence of huddling and body size on the metabolic 
rate of the young pig. Journal of Agricultural Science, Cambridge 55: 
101-105. 

Mroz, Z.. A.W. Jongbloed, N.P. Lenis, K. Vreman 1995: Water in pig nutrition: 
physiology, allowances and environmental implications. .Vutrition Research 
Reviews 8: 137-164. 

Naravan, G., P.J. Deka, W.L.R. Oliver 1997: Pigm hog (Sus salvanius) con- 
serration programme, third annual report. Basistha, India, Pigmy Hog 
Conservation Programme. 

Neurohr, B., 1991: Zucht- und Haltungserfahrungen beim Pinselohrschwein 
(Potamochoerus porcus, Linné, 1758) im Zoo Duisburg. Bongo. Berlin 18: 
254-257. 

Noblet, J.. J.Y. Dourmad, M. Etienne, J. Le Dividich: Energy metabolism in 
pregnant sows and newborn pigs. Journal of Animal Science 75: 2708- 
2714: 

Oliver, W.L.R., 1980: The pigmy hog. Special scientific report No. 1. Jersey: 
The Jersey Wildlife Preservation Trust. 


234 


Pregnancy and lactation in wild pigs 


Oliver, W.L.R., 1993: JUCN status survey and conservation action plan for 
pigs, peccaries and hippos. 1st ed. Gland, IUCN. 

Oliver, W.L. R., G. Narayan, M. Raj 1997: The pigmy hog Sus salvanius conser- 
vation programme: background description and report on progress to end 
1996. Dodo, Journal of the Wildlife Preservation Trusts 33: 45-71. 

Owen, R., 1851: On the anatomy of the wart-hog (Phacochoerus pallasii, Van der 
Hoeven). Proceedings of the Zoological Society of London, 1851: 63-69. 

Patry, M., K. Leus, A. A. Macdonald 1995: Group structure and behaviour of 
babirusa (Babyrousa babyrussa) in Northern Sulawesi. Australian Jour- 
nal of Zoology 43: 643-655. 

Peet-Schwering, C.M.C. van der, J.W.G.M. Swinkels, L.A. den Hartog 1998: 
Nutritional strategy and reproduction. Pp. 221-240 in: The Lactating Sow 
(M.W.A. Verstegen, P.J. Moughan & J.W. Scharma, eds.) Wageningen: Wage- 
ningen Pers. 

Pelletier, G., A.M. de Passille, M. Bernier-Cardou, J. Morisset 1987: Influence 
of pregnancy, lactation, litter size and diet energy density on the stomach 
and intestine of sows. Journal of Nutrition 117: 1759-1766. 

Pomeroy, R.W., 1960: Infertility and neonatal mortality in the sow. IH. Neonatal 
mortality and foetal development. Journal of Agricultural Science, Cam- 
bridge. 54: 31-56. 

Radke, R., 1991: Höhlennutzung beim Warzenschwein (Phacochoerus aethi- 
opicus). Bongo, Berlin 18: 191-218. 

Robinson, J.J., 1986: Changes in body composition during pregnancy and lac- 
tation. Proceedings of the Nutrition Society 45: 71-80. 

Robinson, J.J., 1990: Nutrition in the reproduction of farm animals. Nutrition 
Research Reviews 3: 253-210. 

Rodgers, W.A., 1984: Warthog ecology in south east Tanzania. Mammalia 48: 
327-350. 

Seerley, R.W., 1989: Survival and post weaning performance of pigs from sows 
fed fat during late gestation and lactation. Journal of Animal Science 67: 
1889-1894. 

Selmier, V.J., 1978: Only in Indonesia: The Babirusa. Unpublished report. 
Jakarta, LIPI and PPA. 

Seydack, A.H.W., 1990: Ecology of the Bushpig Potamochoerus porcus Linn 
1758 in the Cape Province, South Africa. PhD thesis. Stellenbosch, Uni- 
versity of Stellenbosch. 

Seydack, A.H.W., R.C. Bigalke 1992: Nutritional ecology and life history tac- 
tics in the Bushpig (Potamochoerus porcus): development of an interactive 
model. Oecologia 90: 102-112. 

Shields, R.G., D.C. Mahan 1983: Effects of pregnancy and lactation on the 
body composition of first-litter female swine. Journal of Animal Science 
57: 594—603. 

Somers, M.J., 1997: Activity patterns and activity budgets of warthogs (Phaco- 
choerus aethiopicus) in the Eastern Cape Province, South Africa. African 
Journal of Ecology 35: 73-79. 


A.A. Macdonald 


Somers, M.J., B.L. Penzhorn, O.A.E. Rasa 1994: Home range size, range use 
and dispersal of warthogs in the eastern Cape, South Africa. Journal of 
African Zoology 108: 361-373. 

Somers, M.J., O.A.E. Rasa, B.L. Penzhorn 1995: Group structure and social 
behaviour of warthogs Phacochoerus aethiopicus. Acta Theriologica A0: 
257-281. 

Sowls, L.K., R.J. Phelps 1966: Body temperature of juvenile warthogs and 
bushpigs. Journal of Mammalogy 47: 134-137. 

Stock, M.K., J. Metcalfe 1994: Maternal physiology during gestation. Pp. 947- 
983 in: The Physiology of Reproduction (E. Knobil & D. Neill, eds.). New 
York: Raven Press, 2nd edition. 

Stubbe, W., M. Stubbe 1977: Vergleichende Beiträge zur Reproduktions- und 
Geburtsbiologie von Wild- und Hausschwein. Beitrüge zur Jagd- und 
Wildforschung 10: 153-179. 

Trottier, N.L., Nutritional control of amino acid supply to the mammary gland 
during lactation in the pig. Proceedings of the Nutrition Society, 56: 581- 
591. 

Turner, C.W., 1952: The mammary gland: 1. The anatomy of the udder of 
cattle, and domestic animals. Columbia, Missouri: Lucas. 

Ullrey, D.E., J.I. Sprague, D.E. Becker, E.R. Miller 1965: Growth of the swine 
fetus. Journal of Animal Science 24: 711-717. 

Varel, V.H., J.T. Yen 1997: Microbial perspective on fibre utilisation bv swine. 
Journal of Animal Science 75: 2715-2722. 

Vereammen, P, D.R. Mason 1993: The Warthogs (Phacochoerus africanus 
and P. aethiopicus). Pp. 75-84 in: JUCN Status Survey and Conservation 
Action Plan for Pigs, Peccaries and Hippos (W.L.R. Oliver, ed.). Gland: 
IUCN. 

Vereammen, P., A.H.W. Seydack, W.L.R. Oliver 1993: The bush pigs (Potamo- 
choerusporcusand P. Larvatus). Pp. 93-101 in: JUCN Status Survey and 
Conservation Action Plan for Pigs, Peccaries and Hippos (W.L.R. Oliver. 
ed.). Gland: IUCN. 

Vestergaard, E.-M., V. Danielsen 1998: Dietarv fibre for sows: effects of large 
amounts of soluble and insoluble fibres in the pregnancv period on the per- 
formance of sows during three reproductive cycles. Animal Science 68: 
359-362. 

Whittemore, C.T., 1998: Influence of pregnancy feeding on lactation perform- 
ance. Pp. 183-200 in: The Lactating Sow (M.W.A. Verstegen, P.J. Moughan 
& J.W. Scharma, eds.). Wageningen: Wageningen Pers. 

Widdowson, E.M., 1971: Intra-uterine growth retardation in the pig. Biology 
of the Neonate 19: 329—340. 


236 


K. Leus 


Feeding babirusa (Babyrousa 
babyrussa) in captivity 


Abstract 


This paper reviews the available information on stomach anatomy, 
digestion, foraging behavior and diet of wild and captive babirusa. 
Based on this information, suggestions for changes in the diet of 
caplive babirua are formulated, which will then need to be assessed. 


Published information suggests that wild babirusa show a marked 
preference for Fruit supplemented with leaves, herbaceous material 
and a fair amount of animal material as well as mineral-rich soil 
and water. Behavioral observations on wild and captive babirusa 
indicated that they usually practice surface foraging, that rooting 
only takes place in loose soil, that they stand on their hind legs to 
reach food in higher places and that males tend to monopolize food 
when animals are fed together. Although unilocular, the babirusa 
stomach contains an enlarged area of mucus-producing cardiac 
glands (> 70% of internal surface area v. 380% in Sus serofa) witha 
pH between 5.3 and 64 and populations of microorganisms, The 
true gastric glands are confined to a small gastric unit. Results 
from two independent digestibility studies on captive babirusa 
were in concordance with the general characteristics of non-rumi- 
nant forestomach fermenting frugivore/concentrate selectors, Pas- 
sage time experiments suggested that no part of the digestive tract 
selectively held digesta longer than any other part and that caeco- 
colonic fermentation may be less important in the babtrusa than in 
the Eurasian wild pig. Analyses of the diets offered to babirusa in 
zoos worlehvide revealed a very wide spread in nutritional values, 
The zoo diets were low in fiber and most zoos fed ercess protein and 
energy. Browse was offered in a non-systematic way. Using the 
above information aud adapted prediction equations suggestions 
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for changes in the diet of captire babirua were formulated, which 
will then need to be assessed. 


Keywords 
diet, digestion, nutrition, fermentation, pig 


le Introduction 


The babirusa (Babyrousa babyrussa) is a remarkable pig endemic to the In- 
donesian islands of Sulawesi, Buru and the Sula and Togean island groups. 
The only subspecies currently kept in captivity. B. b. celebensis. has been pro- 
tected under Indonesian law since 1931 (Dammerman 1950, Setvodiwirvo 
1959), is ineluded under Annex A of the Convention on International Trade of 
Endangered Species (CITES) and is registered as vulnerable in the IUCN red 
list of endangered species (Baillie and Groombridge 1996). The Sulawesi babi- 
rusa is threatened in the wild mainly by commercial hunting for the bush meat 
market. but also by habitat degradation and deforestation (Manansang et al. 
1996, Clayton et al. 1997. Clayton and Milner-Gulland 1999). The subspecies is 
the subjeet of an international conservation breeding program (Plasa 1995). 

Despite having been kept in captivity for at least 200 years. extremely little 
is known about the nutritional requirements of these animals. However, during 
the last ten vears a number of studies have been carried out on babirusa in cap- 
tivity which provide us with certain “clues” about what the requirements of 
these animals might be. Using recent data on stomach anatomy. digestion. for- 
aging behavior and diet of wild and captive babirusa. as well as adapted pre- 
dietion equations this paper will attempt to formulate a recommended diet for 
babirusa in eaptivity which will then need to be tested and refined. 


2x Foraging behaviour and diet in the wild 


The available information on the composition of the diet of wild babirusa has 
recently been reviewed (Leus 14%). Further information can be found in Clay- 
ton (11896). All information is fairly descriptive and qualitative. Nevertheless. it 
appears that babirusa have à preference for fruits and seeds but also consume 
à variety of leaves. grasses. invertebrates and small vertebrates. 

The babirusa Willers from other pigs by the lack of a well developed rostral 


ae 


bone and as a consequence is only abie to root in loose soil or mud (Macdonald 
ives). This may imply that roots are less important in the diet of the babirusa 
compared to that of the other wild piss. Instead. the foraging behavior of the 
babirusa mainly exists out of walking around with the nose close to the ground 


i have Deen observed browsing leaves on trees while 
> drnsupperted or iih their front legs leaning against 
zald and Leus 1S. A number of older reports state 
‚+ dn vwamp* and marshy areas and along rivers 
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(Leus 1996). Marsh vegetation is therefore a likely part of the diet. Similarly, 
babirusa are known to occur at altitudes of at least 1000 m. It is highly likely 
that they frequent the lower montane forests which are often dominated by 
Fagaceae trees known for their erops of acorns and chestnuts (Leus 1994, 
1996). 

Captive babirusa in a semi-natural enclosure showed the ability to very 
carefully select and obtain certain plants and plant parts. The most frequently 
consumed food items were unripe cherry fruits and bramble leaves (Leus and 
Vercammen 1996). 

Babirusa in the wild visit volcanic salt licks to drink large quantities of the 
salty water and to lick the stones and ingest the soil (Patry et al. 1995, Clayton 
1996). The specifie mineral and vitamin requirements of the babirusa are still 
unknown. 


3. Digestive anatomy 


Like the stomach of other pigs, the babirusa stomach consists of one large com- 
partment without any segmentation. However, the stomach of the babirusa is 
not only much enlarged, but more than 70 % of its internal surface area is lined 
with mucus producing cardiac glands, compared to about 30 % in Sus scrofa. 
The true gastric only occupies about 12-17 % of the stomach surface. The car- 
diac gland region has a pH suitable for the survival of microorganisms that are 
present in high numbers in both the surface mucus layer and the luminal mu- 
cus (Langer 1973, 1988, Leus 1994, Leus et al. 1999, Leus and Macdonald [un- 
publ. observ.]). A frequently discussed function of such microorganisms is 
bacterial fermentation of plant structural components by means of enzymes, 
which the host is unable to produce itself (Costerton et al. 1987). The cardiac 
gland area of the babirusa is therefore likely to be a fermentation area. Only 
two groups of animals appear to share with the babirusa the possession of an 
enlarged and elongated stomach part lined almost exclusively with cardiac 
glands: the colobine monkeys and macropodid marsupials (kangaroos and wal- 
labies) (Langer 1988, Moir 1968, Bauchop 1978, Gemmel 1977). 

Forestomach fermenters usually show a system of folds, blindsaes or nar- 
row constrictions in the stomach which slow down the passage of digesta and 
which separate the fermentation chamber from the low pH of the gastric gland 
area (Langer 1988). No such structures were found in the babirusa stomach. 
Furthermore, data on passage time of chyme through the gastrointestinal tract 
of the babirusa suggested (because of only a single marker excretion peak) 
that no part of the digestive tract selectively held digesta longer than any other 
part and that the transit time of digesta for the babirusa is not longer than that 
for the domestic pig (Leus 1990, Conklin and Dierenfeld 1994). The large size 
of the cardiac gland area in the babirusa stomach may however allow sufficient 
separation of the food ingested from the acid and pepsin produced in the “gas- 
tric unit”, for a long enough time to allow some microbial fermentation to take 
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place. If fermentation time is indeed limited, breakdown of NDF and ADF may 
be less efficient than that shown by other forestomach fermenters. 


4. Digestibility 


Two digestibility studies were carried out on the babirusa (Conklin and Dier- 
enfeld 1994, Leus 1994, 1997) and in both cases the animals did not readily con- 
sume the amount of hay or dried grass offered as a source of fiber. Grass may 
therefore not be a palatable feedstuff for the babirusa. 

When consuming a zoo diet (mostly composed of low fiber grain and fresh 
fruit and vegetables), the babirusa digested the NDF and ADF fractions of the 
diet equally well (Conklin and Dierenfeld 1994). Babirusa consuming a barlev- 
soya basal diet with dried grass added as a source of fiber digested NDF 
slightly better than ADF although the difference appeared to become smaller 
the more grass was added (Leus 1994). 

When babirusa and domestic pigs (Large White x Landrace) were fed the 
same barley-soya basal diet with added dried grass, babirusa digested the NDF 
from dried grass origin equally well and the NDF from the whole diet (barley- 
soybean + dried grass) better than the domestic pigs. In contrast, the babirusa 
digested the ADF from the whole diet (barley-soybean + dried grass) as well 
as the domestic pigs but were less able to digest the ADF from the dried grass 
alone (Leus 1994, 1997). 

To assess the relevance of these results for the digestive mechanisms of the 
babirusa, the following three considerations should be taken into account: 


* [n the domestic pig, only small amounts of volatile fatty acids (VENs - the 
products of bacterial fermentation) are produced in the cranial half of the 
stomach. By far the largest proportion of VEA's is produced in the caecum 
and colon (Argenzio and Southworth 1974, Clemens et al. 1975). Corre- 
spondingly, it was found that almost all cellulose and 80 % of hemicellulose 
digestion occurs in the large intestine of the domestic pig (Keys and DeBar- 
the 1974). Babirusa consuming a zoo diet showed low metabolic fecal nitro- 
gen losses which, together with the lack of a secondary marker excretion 
peak in the transit time study, led to the suggestion that caeco-colonie fer- 
mentation may be less important in the babirusa than in the other pigs 
(Conklin and Dierenfeld 1994). 


* In the peceary, another forestomach fermenter and close relative of the 
pigs, it was shown that although 30 % more VFAs were present in the 
forestomach compared to the caecum and colon, practically no cellulose 
digestion occurred in the forestomach (Shively et al. 1985, Loehmiller et al. 
1989). It was therefore concluded that peccaries ferment more easily 
digestible plant eell components such as hemicellulose in the forestomach 
whereas the digestion of cellulose is restricted to the caecum and colon 
(Loehmiller et al. 1989). 
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If caeco-colonic fermentation is indeed less important in the babirusa and 
if digestion of cellulose in pigs and peccaries occurs in the caecum and colon, 
then we would expect less efficient digestion of cellulose by the babirusa. Still, 
if forestomach fermentation is more important in the babirusa than in the 
domestic pig, one might expect this forestomach fermentation to make up for 
the less efficient caeco-colonic fermentation as far as the digestion of cellulose 
is concerned. However, as was discussed above, the anatomical structure of the 
stomach (unilocular without internal folds or constrictions) will most likely not 
allow a very efficient fermentation of cellulose. The forestomach fermentation 
may therefore not be able to make up for the reduced caeco-colonic fermenta- 
tion in ease of ADF fibers originating from food sources such as dried grass or 
hay which have fairly tough fibrous components. Another possibility is that the 
babirusa, like the peccary, does not show any cellulose digestion in the fore- 
stomach despite the bacterial fermentation occurring in this region and relies 
entirely on caeco-colonic fermentation for the digestion of this food component. 

The above considerations, together with the observation that babirusa 
appear better able to digest NDF from a largely grain-based diet than domestic 
pigs, but appear less able to digest ADF from dried grass origin than domestic 
pigs, strongly suggest that the babirusa is a non-ruminant forestomach fer- 
menting frugivore/concentrate selector. The fact that in the study by Conklin 
and Dierefeld (1994) ADF and NDF were equally well digested might be related 
to the fact that the babirusa's ability to digest fiber was not sufficiently chal- 
langed because the hay component (“the” fibrous product) in the diet offered 
was largely ignored. 


5. Zoo diet survey 


Between March 1991 and May 1993 all zoos with babirusa (16 in Europe, 7 in 
the USA and 2 in Indonesia) were sent a questionnaire requesting information 
on the constituents of the diet, the daily amounts fed, the preferences of the an- 
imals and the way in which the food was offered. Results from 19 zoos (contain- 
ing 38 male and 41 female babirusa) were of a sufficiently detailed nature that 
they eould be analyzed for their nutritional contents using published values 
and prediction equations. The exact method of analysis ean be found in Leus 
(1994) and in Leus and Morgan (1995) where a short report of the results is pre- 
sented. 

The food items offered were divided into 4 categories: 1) fruit and vegeta- 
bles (F&V), 2) commercial pellets, grains, bread, nuts and oils (P&G), 3) animal 
products (AP) and 4) browse (grass, hays, branches, leaves etc.). The babirusa 
received a very wide range of food items: 57 different F&V, 27 P&G, 6 AP and 42 
different browses were offered to the animals. In most zoos the diet was built 
up around a relatively fixed set of core items (such as apple, banana, oranges, 
carrots, lettuce, leek, yams and potatoes, commercial pellets and grains) which 
were easily available all year round. These core items were then supplemented 
with smaller amounts of seasonal fruits, vegetables and browse. Information 
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on the amounts and types of browse offered was too vague to allow calculation 
of the percentage of browse in the diet in relation to the other food categories. 
The data shown below are for the daily diet of adult male and adult female babi- 
rusa without the browse. 

Table 1 shows the mean amounts of the different food categories offered to 
the babirusa as well as the nutritional composition of this offered diet. As is 
obvious from the large standard deviations there was a huge range in the 
amounts and proportions of the different food items fed. In fact, the range of 
values for the different nutrients offered is so wide that it is impossible that all 
these diets are answering the nutritional requirements of the animals. Some 
zoos offer too much, others not enough. On average, the diet consisted of 2/3 
fruit and vegetables and !/3 commercial pellets (for herbivores, horses or pigs) 
and other grain products. Nine zoos added small amounts of animal produets 
(minced meat, one day chicks, invertebrates, eggs, fish, mice, rats) to the diet 
on some days of the week. 


Table 1 
Average amount (g/day) of food (Total fresh weight), fruit and 
vegetables (F&V), pellets and grains (P&G), animal produets (AP). dry 
matter (DM), erude protein (CP), Fat, englvst fiber (EF) and digestible 
energv (DE) offered to babirusa in 19 zoos in Europe and North 
America. (%BW = percentage of body weight; %DM = percentage of dry 
matter; CP:DE = protein to digestible energy ratio) 


3128 + 928 3.5 2733 198 
F&V 2151 +983 1856 + 831 
P&G | 8785577 806+512 
AP" 209 + 233 148 + 113 
DM 1069 + 481 956 + 425 1.6 
CP 162 + 109 142 +84 14.9 
Fat 63.9+44.9 54.4+32.4 5.7 
EF 209 + 136 184 + 120 19.2 
DE 14.4 6.6 
CP:DE 11.3432 


Average of nine zoos that offered animal products. 


In the study by Conklin and Dierenfeld (1994), the animals showed a dry 
matter intake of 1.2 % of their body mass. The wet weight intake was about 
2.3 % of Body weight. If we assume an average weight of 90 kg for males and 
60 kg for females then the average amount of dry matter offered to male babi- 
rusa is equal to the observed intake whereas that offered to the females is 
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higher. The average wet weight offered to the babirusa as a percentage of body 
weight was much higher than the intake observed by Conklin and Dierenfeld 
(1994). 

No data are available on the protein and energy requirements of the babi- 
rusa. Using prediction equations for the domestic pig based on the protein 
weight in the body (Whittemore 1993), the babirusa maintenance requirements 
for crude protein and digestible energy (DE) were calculated and can be found 
in table 2 (for details of calculations see Leus 1994, Leus and Morgan 1995). 
The average weight of a male babirusa was taken to be 90 kg and that of a 
female babirusa 60 kg. A state of maintenance can be defined as a situation 
where the body composition of the animal remains stable, the animal is not pro- 
ducing any products e.g. milk and it is not performing any work on its sur- 
roundings (McDonald et al. 1981). In other words, very active animals, growing 
animals and pregnant or lactating sows have higher requirements. Neverthe- 
less, a number of zoos appear to be feeding their animals up to four times the 
required amount of protein and up to two times the amount of digestible energy. 
As a consequence many babirusa in captivity are obese. 


Table 2 
Predicted maintenance requirements for CP and DE for an average 
male (90 kg) and female (60 kg) babirusa in comparison to a Large 
White domestic pig of similar size. Predictions according to equations 
in Whittemore (1993). (CP: DE ratio = protein to energy ratio) 


Maintenance 90 kg Babi- 90 kg Large 60 kg Babi- |60 kg Large 
requirement for: |rusa White rusa White 


(Cle 
DE 
CP:DE ratio 


82 g/day 110 g/day 
10.8 MJ/day | 13.5 MJ/day 
8.1 g CP/MJ DE 


55 g/day 73 g/day 
80MJ/day [9.9 MJ/day 


69gCP/MJ |73gCP/MJ DE 
DE 


Mature animals have a smaller need for protein because there is no longer 
any above maintenance lean tissue growth, but have a higher need for energy 
to sustain body maintenance activities (McDonald et al. 1981, Whittemore et al. 
1993). Mature animals will therefore require a smaller protein:energy ratio in 
the diet than young growing animals. A protein:energy ratio of 13 gCP/MJ DE 
is considered to be appropriate for pregnant adult female domestic pigs or 
growing domestic pigs above 80 kg (Whittemore 1993). The required protein: 
energy ratio for an adult non-gestating, non-lactating babirusa can therefore 
be expected to be much lower than that. Indeed, if the ratio is calculated from 
the predicted CP and DE requirements (see Table 2) then we obtain 7.6 and 
6.9 g CP/MJ DE for a 90 kg and 60 kg babirusa respectively. No zoo fed a diet 
with a ratio that was much lower than the predicted values. However, in the 
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majority of institutions, both male and female animals were receiving a protein 
to energy ratio that was much higher than this predicted value. 

Fats make proportionally the largest contribution to the DE of the diet and 
the transfer of dietary fats to body fats is a very efficient process costing the 
animal very little energy (Whittemore 1993). Considering the problems with 
obesity in captive babirusa, care should be taken not to feed large amounts of 
energy. In particular, preventing the feeding of animals by the publie may con- 
tribute to this. For example, 50 g of peanuts (about half the average packet for 
sale) contributes 1.23 MJ DE. 

Although no data are available on the requirements for fiber, a fiber content 
of about 19% of dry matter appears very low for a forestomach fermenter. 
Daily inclusion of common European and North American browses would sig- 
nificantly improve the amount of fiber consumed (Nijboer and Dierenfeld 1996). 
As was stated above grasses and hays appear to be less palatable to the babi- 
rusa. 

Browse offered to the babirusa came in many forms and shapes. A list of 
the different types of browse offered and the parts eaten can be found in 
Table 3. A number of zoos did not specify the species of browse fed and their 
accounts were included under the general terms branches, grass, hay and 
leaves. In some zoos alfalfa hay was eaten completely whereas others stated 
that the animals tried to pick out the leaves and would sometimes chew the 
stems but not eat them. Many zoos offered fresh branches, grass, herbs or 
alfalfa during the spring and summer seasons and fed dried branches and hays 
during the winter. The inclusion of browse in the diet was often not on a regular 
or controlled basis. 


Table 3 
List of browse items offered to babirusa in 19 zoos 
in Europe and North America. 


Scientific name English name Form Parts eaten No. 
Zoos 
Branches fresh bark,leaves,twigs, 8 
buds 
Grass fresh entirely 9 
Hay dry entirely 4 
Leaves fresh and dry entirely 2 
Acacia sp. Acacia branches fresh leaves only 3 
Acer pseudoplatanus Sycamore branches fresh bark, leaves, twigs 1 
Acer rubrum Red maple branches fresh ? i 
Acer saccharinum Silver maple branches fresh ? 1 
Acer saccharum Sugar maple branches fresh ? 1 
Alnus sp. Alder branches fresh ? 1 
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Betula sp. 


Celtis occidentalis 
Corylus sp. 
Crataegus sp. 
Fagus grandifolia 
Fagus sp. 

Ficus benjamina 
Forsythia sp. 
Fraxinus sp. 
Gymnocladus dio- 
ICUS 

Hibiscus rosa 


Hordeum vulgare 


Liquidambar sty- 
raciftua 


Malus sp. 
Medicago sativa 
Morus alba 
Morus sp. 


Musa sp. 

Phleüm pratense 
Phyllostachys aurea. 
Populus alba 


Populus eurameri- 
cana 


Quercus rubra 


Quercus sp. 


Robinia pseudoaca- 
cia 
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Table 3 
List of browse items offered to babirusa in 19 zoos 
in Europe and North America. (continued) 


Mangrove 
Birch 


Hackberry 
Hazel 
Hawthorn 
American beech 
Beech 

Weeping fig 
Forsythia 

Ash 


Kentucky coffee 
tree 


Hibiscus 
Hydroponic bar- 
ley 

Sweetgum 


Crabapple 
Alfalfa 

White mulberry 
Mulberry 


Banana 
Timothy hay 
Golden bamboo 
White poplar 
Poplar 


American oak 
Oak 


Black locust 


branches fresh 


branches fresh 


branches fresh 
branches fresh 
branches fresh 
branches fresh 
branches fresh 
branches fresh 
branches fresh 
branches fresh 
branches fresh 


branches fresh 
fresh 


branches fresh 


branches fresh 
fresh and dry 
branches fresh 


branches fresh 
and dry 


leaves 

dry 

branches fresh 
branches fresh 


branches fresh 


dried leaves 


branches fresh 
and dry 


branches fresh 


P 


bark, leaves, twigs, 
buds 


2 

leaves 

leaves 

2 

leaves 

? 

? 

bark, leaves, twigs 
9 


? 


entirely 


? 
entirely 
2 


leaves, bark 


? 

? 

? 

? 

bark, leaves, twigs, 
buds 

leaves 


leaves, bark 
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Table 3 
List of browse items offered to babirusa in 19 zoos 
in Europe and North America. (continued) 


salir babylonica Weeping willow branches fresh — ? i 

Salir nigra Black willow branches fresh ? 1 

Saliz sp. Willow branches fresh bark, leaves, twigs, 4 

buds 

Trifolium sp. Clover fresh entirely 1 

Viburnum sp. Fragrant honey- branches fresh ? 1 
suckle 

Vitis vinifera Grape branches fresh — ? 1 

Zea mais Corn stems fresh and dried entirely 1 

Zea mais Corn stems with fresh and dried ^ entirely 2 
cobs 

Zingiber sp. Torch ginger 2 2 1 

6. Recommendations/conclusions 


6.1 Diet composition 


Taking all of the above into account, proposed criteria for a diet are set out in 
Table 4. Because the babirusa is a non-improved pig species which has a slower 
growth than domestic pigs, reaches a smaller mature size and has problems 
with obesity in captivity, the CP and DE energy levels were raised only slightly 
above the predicted levels for requirements. 

As far as dry matter is concerned, the diet below could be achieved by feed- 
ing 46 % fruit and vegetables, 27 % commercial pellets and 27 % browse on an 
as fed basis. However, most commercial pellets used for babirusa today are too 
rich in protein and energy so that with a 27 % ration, the animals would receive 
too much protein and energy. Because most of the dry matter fed is derived 
from the P&G fraction, further reduction of this fraction to bring down the pro- 
tein and energy content of the diet makes it very difficult to obtain the required 
intake of DM unless extremely large amounts of fruit, vegetables and browse 
are fed. The challenge will be to either locate a pellet that is not too rich in pro- 
tein and energy, or to devise a new pellet that can replace the pellet and browse 
fractions. 


6.2 Browse 


For browse, products such as grass and hays have proved to be fairly unpalat- 
able and more difficult to digest. Preference should be given to temperate 
browse species. However, care should be taken with species such as willow 
(Salix sp.). As is the case with langurs (Colobinae), the babirusa will ingest 
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long strips of the bark that may form a fiber ball in the stomach, as was the case 
with one female babirusa in Antwerp. The bacterial fermentation of browse will 
provide an additional supply of protein and energy. The relative contribution of 
this to the total protein and energy intake can not yet be estimated with the 
information available. 


Table 4 
Proposed criteria for a test diet for an average male (90kg) and female 
(60kg) babirusa in captivity BW = Body Weight; DM = Dry Matter, CP = 
Crude Protein, DE — Digestible Energy, CP:DE ratio — protein to energy 
ratio, NDF = Neutral Detergent Fiber, ADF = Acid Detergent Fiber. 


90 kg babirusa 60 kg babirusa 
Total DM intake 1.290 BW = 1080g 1.2% BW = 720g 
CP 90g / day 60g / day 
DE 11.8 MJ / day 9 MJ / day 
CP:DE ratio 7.6 6.9 
NDF/ADF daily browse daily browse 


6.3 Method of feeding 


When fed together, males often tend to monopolize the female's food unless she 
is in oestrous. The main part of the diet, especially the nutritious pelleted ra- 
tion, should therefore be fed separately. Pieces of fruit and vegetables should 
be distributed across the floor and in between the bedding and other ground 
cover and feeding times should be spread over the day so that the animals can 
perform their normal foraging behavior (walking around with the nose close to 
the ground) as much as possible. Browse can also be an important enrichment 
item and must not only be fed at ground level but can also be offered at higher 
levels so that the animals have to reach high and if necessary stand on their 
hind legs to reach for food. Because many of the favorite items fed to animals 
by the publie are high fat and high energy items, feeding of animals by the pub- 
lic should be avoided as much as possible. 


6.4 Further studies 


Because no data are available on the nutritional composition of the diet in the 
wild, experimentation will be necessary to try out and refine the recommended 
diet. In addition, there is an urgent need for feed intake data of the eurrent diets 
being fed, including the browse fraction. Equally urgent and essential are quan- 
titative diet studies in the wild. Their habit of visiting volcanic salt licks may 
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point to specific mineral requirements and further studies in this field are cer- 
tainly required. 

Nutritional studies on this fascinating pig are not only essential for practi- 
cal management reasons but will also allow us to reveal the mechanisms of 
their interesting digestive mechanisms. 
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Effects of the dietary calcium and phosphorus 
levels on the metabolic balance of some micro- 
and some macro elements in one-humped 
camels (Camelus dromedarius) 


Abstract 


This study was designed to study the effects of dietary Ca and P on 
the metabolic balance of micro and macro elements in camels. Ra- 
tions containing 0.56 % Ca and 0.34 % P are considered to fit well for 
nonlactating adult camels. Over- and undersupplementation of Ca 
and/or P disturbed the metabolic balance of macro and micro ele- 
ments, e.g. high Ca and normal P intake led to decreased apparent 
absorption of those elements and Mg, whereas no changes were ob- 
served in Na and K absorption. All changes in dietary Ca and P al- 
tered the absorption of Mn. Increasing dietary Ca decreased slightly 
the absorption of Zn and Cu. Serum levels of elements were not 
changed within the trials. 


Keywords 


Camelidae, mineral content, metabolic balance of micro- and 
macroelements, mineral supplements, bioavailability 


1. Introduction 


Camelidae are hardy animals which physiologically and anatomically have 
adapted well to survive in harsh conditions. 

Camels do not only provide meat, wool and milk for the people living in the 
Egyptian desert and in semi- desert areas, they are also indispensible for 
transportation in these zones. Intensification of the Arabian camel production 
in Egypt is still far behind that of cattle. Milk and meat are very popular for the 
inhabitants of that country. Undernutrition is commonly accepted as one of the 
most important limitations for livestock production. 

Mineral supplements are essential for efficient livestock production and 
are added to livestock food in order to prevent mineral deficiency. However, bio- 
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availability of the different mineral elements varies considerably. Chemical 
analysis of minerals contained in foodstuff or mineral supplements does not 
provide information about the bioavailability of such an element to the animal. 

Bioavailability may be defined as the degree to which a mineral substance 
becomes available to the animal's target tissue in order to meet the needs of the 
organism. The degree to which a mineral is absorbed and utilized by the animal 
depends on many factors such as type of feedstuff, type of animal, mineral con- 
tent, intake and degradability of the diet, type and availability of the mineral, 
as well as the mineral status of the animal and the interaction between the var- 
ious minerals (Flachowsky et al. 1994). 

Except for fragmentary data on zoo camels, there is no reliable information 
about health status, feeding system and mineral metabolism of camels under 
temperate climate conditions. Our experiment was designed to study the 
effects of dietary calcium (Ca) and phosphorus (P) on the metabolic balance of 
micro- and macroelements in camels. Minerals are dietary essentials and influ- 
ence the efficiency of livestock production. We focussed on the mineral balance 
of elements like Ca, P, Mg, Na, K, Zn, Fe, Mn and Cu. The goal of these experi- 
ments was to estimate dietary recommendations for some of the tested ele- 
ments. 


2. Materials and Methods 


Mineral balance (Ca, P, Mg, Na and K) and balance of microelements (Zn, Fe, 
Mn and Cu) were investigated in three non-pregnant, non-lactating adult fe- 
male camels of an age ranging between 5.5-6.5 years and an avarage body 
weight of 371 + 13.5 kg. Four series of metabolic trials were performed. Each 
trial started with an adaption period of about 21 days followed by 6 days collec- 
tion period. In the first trial, the camels were fed a diet containing 0.56 % (of 
dry matter) Ca and 0.34 % P by adding 1 % of bonemeal (NCaNP- normal Ca and 
normal P). In the second and third trial, animals were fed rations containing 
1.77 and 1.72 % Ca (HCaHP- high Ca and high P) and 0.91 and 0.33 9o P (HCaNP- 
high Ca and normal P), respectively, adding limestone and/or bonemeal. Cam- 
els fed in the fourth trial received 0.24 % Ca and 0.18 9o P (LCaLP- low Ca and 
low P) without any additional supplements. Chemical analysis of the experi- 
mental rations yielded the following mean contents of elements: K 1.31 9o, Na 
0.39 % and Mg 0.17 % as well as Cu 13 ppm, Mn 79 ppm, Fe 282 ppm, Zn 91 ppm 
comparable to the requirements of macro and microelements of camels by 
Gauly (1997). 

All rations were formulated to contain recommended amounts of digestible 
energy, crude protein and other minerals and vitamins according to the NRC 
tables (1988) for dairy cattle. The camels consumed a fixed weight 1.63 kg dry 
matter/100 kg of body weight during the collection period. The physical compo- 
sition (90) of the experimental rations is illustrated in table 1. 

The total amount of the daily fecal matter (excreted per animal) was col- 
lected daily at 9.0 am, before the camels were fed. The freshly collected fecal 


252 


Effects of the dietary caleium and phosphorus levels 


Table 1 
Physical composition (%) of the experimental rations 

Ingredients trial 1 trial 2 trial 3 trial 4 
wheat straw 64.45 61.98 62.31 65.11 
white corn 19.92 19.16 19.26 20.12 
soybean meal 13.28 1277 12.84 13.42 
bone meal 1.00 4.74 1.00 — 
ground limestone — — 3.24 — 
common salt 1.00 1.00 1.00 1.00 
trace elements 0.10 0.10 0.10 0.10 
mixture 

vitamin premix 0.25 0.25 0.25 0.25 
total 100.00 100.00 100.00 100.00 


matter of each animal was weighed and mixed. A representive sample was 
taken and dried in hot air- oven at 105 °C for about 24 hours and stored for fur- 
ther analyses. 

Urine also was collected and the Ca excretion in the urine considered, due 
to the minimal urinary excretion of Ca by ruminants, owing to efficient reab- 
sorption by the kidneys (McDowell 1992). 

Ca, P, Mg, Na, K and microelements Zn, Fe, Mn and Cu in feeds, rations and 
faeces were determined by atomic absorption spectrometry, while P was meas- 
ured by speetrophotometry. 


3. Results 


* [ncreasing dietary Ca and P resulted in improved apparent absorption of 
Ca, P and Mg, while inreased dietary Ca levels with normal P reduced the 
apparent absorption of Ca, P and Mg, whereas no changes were observed 
in Na and K absorption. (Table 2) 


* Faecal excretion of Ca, P and Mg were increased after reducing dietary Ca 
and P levels. 

* Nosignificant difference was observed in serum levels of all minerals when 
increasing or decreasing Ca and/or P in all trials. 

* Apparent absorption of Zn was slightly decreased in the second and third 
trial and was not affected in the fourth trial. (Table 3) 

* Absorption of Fe was decreased in the second and third trial, but increased 
in the fourth series. 

* Allchanges in dietary Ca and P altered the absorption of Mn. Effects on the 
balance of Mn was contrary to the Fe results. For Fe balance, the optimum 
Ca was ealeulated to be 196. Logarithmie trend caleulation showed a 
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Table 2 
Apparent absorption and retention (%) of the macro- elements of 
camels in four metabolism trials. 


NCaNP HCaHP HCaNP 
(trial 1) (trial 2) (trial 3) 


LCaLP 
(trial 4) 


absorption 3.1 -87.0 

Ca retention 25 -89.3 3 
absorption 22.3 -24.6 

P retention 298) -44.4 


absorption 
Mg retention 
absorption 
Na retention 
absorption 
retention 


Table 3 
Apparent absorption and retention (%) of the micro-elements of camels 
in the four trials. 


Zn retention 90.8 43.7 49.7 
| 
Fe retention 4.5 -68.6 : 4905 
Mn retention 37.3 52 15.4 -163.4 
Cu retention 20.5 3.8 5.5 6.4 


demand of 1 % Ca for most elements except P with a minimum of 0.3 % Ca, 
when excretion and retention were balanced zero (= 0) (Figure 1-4). 


e For Zn and Cu absorption there was a slight decrease when increasing die- 
tary Ca. 


* Mg, Na and K balances did not depend on Ca/P levels of the diet. 

In practical feeding, Ca absorption showed a positive level at 0.56 9o (Fig- 
ure 1), while a negative value had been calculated. This is probably due to the 
fact that four-point calculations are prone to inaccuracies. As a consequence, 
the R-square (R2) in the calculation of other elements is limited. Dietary Zn and 
Cu levels appeared to be more than sufficient as there is no 0-level in the bal- 
ance. If the diet contains more than 1 % Ca, the Fe balance becomes negative 
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Fig. 1. Ca-absorption at different Ca- 
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Fig. 2. P-absorption at different Ca- and 
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and Fe deficiency might arise in long term feeding. Diets containing less than 
1 % Ca may lead to Mn deficiency symptoms (e.g. fertility problems). 


4. Discussion 


The first trial (normal Ca and normal P) was considered as a control for com- 
parison with the following trials 2-4. The second, high Ca high P, the third, high 
Ca normal P and the fourth, low Ca and low P rations were designed to demon- 
strate the effects of extreme dietary Ca and P on miero- and macro- mineral 
metabolic balances. In all trials, diets contained sufficient Mg levels to prevent 
deficiency symptoms (tetanus). 

The results showed that is very important that Ca and P are well propor- 
tioned. A Ca/P ratio of about 3:1 will already disturb the apparent digestion. In 
comparison to sheep (Piatkowski et al. 1990) camels seem to be more sensitive 
in disproportioned Ca/P ratio. 

A low intake of Ca and P will give negative values respective absorptions 
and retentions. This topic of result is common in most ruminant species. 

An interrelation between Ca and Zn, Fe, Mn, Cu and high Ca levels in diets 
are reported by Mayer (1999). These components increase the requirement, if 
they are in higher concentration. High Ca levels may repress Zn absorption 
and retention. 

Na and K are important for the water conservation of the organism and are 
regulated by intra- and extracellular osmosis (Gauly 1997). 

Logarithmic trend calculation were prefered to linear models in order to 
get better square correlation coefficients (R?). 
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Feeding guidelines proposal for okapis 
— a joint European and North 
American project 


Abstract 


During the Okapi Metapopulation Workshop (Dierenfeld, 1996) it 
was decided that more information was needed describing captive 
okapi (Okapia johnstoni) diets. Recommendations for providing 
appropriate diets to captive okapis also were to be developed. With 
these objectives in mind, the North American and European okapi 
nutrition advisors collected information on and compared okapi 
diets fed in North American and European zoos. The data also were 
compared with available data from studies of captive okapi offered 
natural food items in the Democratic Republic of Congo (formerly 
Zaire). Based on these findings and other information described in 
this paper, recommendations for feeding okapis are being provided 
to the SSP/EEP okapi groups for review and discussion. 


Keywords 


Herbivore, okapi, Okapia johnstoni, nutrition, captive 
feeding, analyses 


1. Introduction 


The formulation of diets is based on information about natural feeding ecology. 
physiological parameters, domestic animal nutrient requirements, probable 
exotic animal nutrient requirements, nutrient content of foods, animal food 
preference and consumption data, behavioral information, and at times, phys- 
iological assessment data. The purpose of this document is to examine the 
data and literature available pertaining to okapi diets and to present guidelines 
for feeding captive okapis. 
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To develop diets, many aspects of feeding and nutrient requirements must 
be compiled, considered and applied. Information about what animals select 
and consume in the wild are reviewed to determine natural feeding strategies. 
Physiological parameters such as the way an animal processes and digests its 
food must be considered. For okapi, as with most captive exotie species, nutri- 
ent requirements per se have not been studied. So information originating from 
domestic and/or well-studied species also is utilized. The nutrient content of 
foods available to zoos is collected and reviewed. Items like browse used to 
enrich diets must be analyzed for nutrient content because much of the nutri- 
ent composition of these items are yet to be identified. Collection of data on 
food consumption and digestibility is important. At times and if possible, blood, 
urine and fecal samples are collected to determine nutritional status. This 
assessment has not been comprehensively performed with okapis. 


st Natural feeding ecology 


The okapi, classified in the Giraffidae family, was discovered by western scien- 
tists in the beginning of the 20th century in the current Democratic Republic of 
Congo (Gijzen 1959). Okapis live in the Ituri forest region in the north and 
northeast of the Republic that consists of dense lowland rain forest (Hart and 
Hart 1988). In the wild okapis appear to be very selective browsers with a pref- 
erence for high quality, foliage tips from several light-dependent plants/trees 
mostly found in tree-fall gaps or along the edges of larger clearings (Hart and 
Hart 1988). The consumption of plant fruit has not been reported. However 
comprehensive data on the total diet is lacking and little is known about the ac- 
tual nutrient composition of the total diet consumed in nature. 


12 Physiological parameters 


The prehensile tongue of the okapi, similar to the giraffe, allows it to browse on 
the more highly digestible, more succulent portions of plants. The digestive 
tract of the okapi is that of a ruminant, a trait that it shares with a large number 
of domestic and wild species of animals such as cattle, sheep, goats, deer, gi- 
raffe and other antelope. Ruminants such as the okapi posess a voluminous, 
highly compartmentalized stomach which allows fermentation and digestion of 
roughage (Stevens and Hume 1995). These animals also ruminate or chew a re- 
gurgitated bolus of ingesta which further reduces particle size (Butterworth 
1987). End products of fermentation are absorbed at many sites in the gastro- 
intestinal system from the rumen throughout the intestines. Body size also 
affects nutrient requirements especially regarding energy requirements. 


2. Domestic animal nutrient requirements and probable exotic 
animal nutrient requirements 


Actual nutrient requirement research is extremely rigorous and usually in- 
volves removing the particular nutrient until clinical signs are observed then 
adding the nutrient back to the diet until those signs are allieviated. Thus it is 
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infrequent that such studies are performed with exotic animals. This is the 
ease with okapis. Since we do not know the nutrient requirements of okapis, 
utilization of in-depth requirement information collected from closely related 
taxa, is in order. Recently, review of literature on domestic and well studied 
more exotie animals was undertaken and published by the AZA Nutrition Ad- 
visory Group in Fact Sheet 006 (Lintzenich and Ward 1997). Information in that 
document need not be repeated here but is current enough to serve as a valid 
reference for feeding guidelines. It should be noted that the Fact Sheet authors 
reviewed and compiled the requirements of cattle, sheep and goats as well as 
white-tailed deer, llamas and buffalo (Lintzenieh and Ward 1997). This docu- 
ment was utilized for guidelines for dietary protein, vitamin, and mineral levels 
since these requirements are unknown for okapis or giraffe. In that document 
okapis were, fittingly, listed as medium/large browsers, ruminant. It was sug- 
gested that food intake on a dry matter basis be 2 9o of body mass of the okapi. 


3. Animal food preference, consumption data and the nutrient 
content of foods. 


In zoos okapis frequently are fed alfalfa (Medicago sativa, also termed lu- 
cerne) hay, browse (euttings from trees and shrubs) and a variety of greens (for 
example: lettuce, kale, spinach), vegetables (for example: carrots, yams/sweet 
potatoes), fruits (for example: apples) and concentrates (in this context mean- 
ing dry feed or feed ingredients such as oats, alfalfa cubes, and a nutritionally 
complete or formulated pellet). Until this study, the nutritional composition of 
the diets fed and consumed in captivity were never compared. 


4. Methods for the nutrition study 


Nutrition surveys were conducted in North America (Crissey 1997) and in Eu- 
rope (Stoppels and Nijboer 1997). The North American data were compiled 
from a written survey of food items offered to okapis submitted (with hay and 
concentrate analyses) by participating institutions. These data were quantified 
as diet offered. In 1998, a nutrition study examining the digestibility of foods 
was conducted in Europe. A limited amount of data on the natural diet is avail- 
able from study conducted by Hart et al. in 1989 in the Epulu station in the Dem- 
ocratie Republic of Congo. While we have access to these data they remain 
unpublished and as such not readily available. 

The European nutrition survey (Stoppels and Nijboer 1997) showed that 
little was known about the actual dietary intake of okapis in European zoos. To 
that point, intake and digestibility data were collected at eight European zoos: 
Antwerp, Basle, Berlin, Rotterdam, Koln, Winchester (Marwell), Stuttgart and 
Wuppertal. The test period lasted for seven days resulting in six effective 24- 
hour measurement periods during which students measured food intake and 
the total amount of feces produced for two okapis per zoo (16 animals total). 
Two females (Sofie and Henny) were pregnant; none were lactating. Data of 
okapi Henny is only included in Table 1. Two females, (Demba and Tunda) 
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were considered young (18 months and 20 months, respectively) but had 
passed the fast-growth stage. The okapis were individually housed. The 
analyses of consumed diets (» = 16) can be found in Table 1. 


Table 1 
Foodstuffs consumed (grams, as fed basis, not frozen or dried) by 
okapis (n = 16) in eight European zoos (g/day) 


tem Average zoos Item Average Zoos” 

Vegetables Concentrates 

Carrots 1242 8 Zoo pellet 1286 3 

Cabbages 450 5 Herbivore pellet 843 2 

Fennel 241 3 Horse pellet 403 2 

Celery 186 5 Lucerne pellet 396 4 

Tomato 164 4 Oats products 381 ff 

Lettuce 157 5 Wheat 275 4 

Onion 114 5 Bread 214 4 

Other 290 6 Other 580 4 

Fruit Roughage 

Apple 885 7 Lucerne hay 2321 8 
(Medicago sativa) 

Banana 606 8 Maple (Acer sac- 66 2 
charum) 

Orange 63 4 Oak (Quercus sp.) 43 8 

Other 89 4 Willow (Saliz sp.) 50 2 


* number of zoos in which the foodstuff is being fed 


From one okapi in each zoo, feces were collected to calculate digestion 
coefficients. Information from the European animals (except Table 1) was 
derived from these 8 okapis. To calculate digestion coefficients, total food and 
feces amounts were weighed and homogenized. Mixed samples of concen- 
trates, samples of some browses and a proportional part of the fecal samples 
were frozen for further analyses. Data for non-analyzed foodstuffs were 
obtained from the computer program Animal Nutritionist (N-Squared Incorpo- 
rated, 1987), from the Veevoedertabel (1991) and unpublished data from 
J. Nijboer. Food and fecal analyses were carried out by the Laboratory for Soil- 
and Crop testing at Oosterbeek, The Netherlands, according to the European 
standards and Nederlandse Economische Norm (NEN) and International 
Standard Organization (ISO) standards (Kanselaar et al. 1999). From the anal- 
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yses, the composition of the diets consumed and the digestion coefficients were 
calculated. The data obtained were compared with data from the North Amer- 
ican survey and data received for the wild diet from Hart et al. (1989). 


5: Results and discussion of the intake and digestibility study. 


A total of 45 products were fed to the eight okapis in eight different European 
zoos. From the vegetable category, carrots were fed to all okapis. The average 
carrot intake as fed was 1242 grams, although the variation was great. Five 
zoos fed cabbage, celery, lettuce and onions. Again, there was great variation 
in the amounts consumed. From the fruit category, bananas were offered at all 
zoos and apples in seven Zoos. All the zoos fed some form of concentrates and 
some fed several kinds. Mostly pellets were used. All the zoos fed alfalfa during 
the test period and some fed other types of roughages. Some zoos noted that if 
browse were available (as it is in summertime) they fed it. It should be noted 
that the feeding trials for this research project took place in March. None of the 
zoos had fresh browse available during this season. Only a few zoos fed browse 
that was stored frozen or dried. Table 1 deseribes the European okapis' dietary 
intake. 

For one okapi in each European zoo, the fresh weight intake and the dry 
matter (DM) intake were caleulated and averaged. Table 2 shows that there 
was great variation in the intake of individual animals. For example, Demba 
consumed 5570 grams of total diet per day while Mieke consumed 11570 grams. 
The differences in DM intake were less. DM intake of Tunda was 2830 and 
Mieke ate 5670 grams. The differences in fresh weight and DM intake occurred 
because some okapis consumed large quantities of fruits and vegetables, that 
had a low concentration of DM. Intake varied considerably because of the dif- 
ferent diets offered in zoos and the differences in food item selection by each 
individual animal. 

Comparing European okapi DM intake data (mean — 4108 g/day) to a pre- 
vious report (mean — 4653 g/day; Prins and Domhof 1984), the okapi in this 
study consumed somewhat less DM on the average. Comparing the data to a 
closely related animal, the giraffe (Baer et al. 1985, Prins and Domhof 1984), it 
was expected that okapis would consume less than giraffes because of their 
lower body weight expressed on a per kg body mass basis. However, compared 
to data published for giraffes, the dry matter intake of European okapis was 
much less than expected from their body weight in proportion to the giraffes 
body weight and the amount giraffes consumed. When averaged, okapis con- 
sumed only about one-third of the DM consumed by giraffes, although amounts 
were similar when expressed on a kg/DM body mass basis. On a fresh weight 
basis, European okapis consumed more than half the amount published for 
giraffes, due to the fact that okapis were fed more produce than giraffes. The 
protein concentration in the European okapis' diet was comparable to the pub- 
lished diets of captive giraffes in the US. The percentages of neutral detergent 
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Table 2 
Analyses of diets consumed by eight okapis in eight European zoos, as 
fed basis. Œ= Female; M = = Male). Okapi locations: Sofie, Antwerp; 
Ndura, Basle; Sand (Sandoa), Berlin; Tiem (Tiemen), Cologne; Mieke, 
Marwell; Dem. (Demba), Rotterdam; Kal. (Kalume) Stuttgart; Tunda 
Wuppertal. NDF (neutral detergent fiber) includes hemi-cellulose, 
cellulose and lignin. ADF (acid detergent fiber) includes cellulose and 
lignin. Both are measurements of fiber. 


5.67 | 3.45 | 4.27 | 2.83 


e fe [ao fea [ws Toz (0 
fn [nafs [a 73 
5 [52 [232] 


33.2 


* Stdev= standard deviation 

t = Baer et al. 1985 

i -inkg 

** = estimated weight 

tf = Percentage of DM; CP= crude protein, Fat= crude fat, NDF= neutral 
detergent fiber; ADF= acid detergent fiber 


fiber (NDF) and acid detergent fiber (ADF) were 10.4 % and 7.9 9o, (DM basis), 
respectively, higher than captive giraffe diet composition. 

The results obtained in Europe, North America and in Epulu by Hart et al. 
(1989) are presented in Table 3. All data are calculated on a DM basis. While 
dietary intakes are provided for European okapis, only diet offered was avail- 
able for North American okapis. The European okapis consumed 89 % of their 
diet offered. Comparing the total quantity of diet offered, European okapis 
were offered a total of 4616 gms of dry matter while the North American okapis 
were offered 5626 gms total dry matter. Thus, comparing the same information 
on a dry matter basis, the North American okapis were offered more food. It is 
apparent that intake data are needed for North American okapis for direct 
comparison of animal consumption. 

Produce consist of vegetables and fruits. European diets contained more 
fat than those in North America. Diets using natural browses (Epulu) were 
lower in protein than that fed in zoos, although values were reported as avail- 
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Table 3 
Analyses of the offered okapi diets fed in North American zoos, the diets 
offered to and consumed by European okapi and consumed in Epulu. 
DM = dry matter, C Protein= crude protein, C Fat = crude fat, NDF = 
neutral detergent fiber; ADF = acid detergent fiber. North American 
animals represent the typical diet offered per animal at 4 zoos. 


Europe North America 
Consumed Offered 
g/DM/day g/DM/day 
Produce 150-800 106-171 
Mean 422 126 
Concentrate 1130-2300 1600-3700 
Mean 1716 2500 
Roughage 990-2990 2200-4100 
Mean 1970 3000 
Total mean 4108 Not available 
intake 
Total mean 4418 5626 
offered +/- 1400 
S 
Analyses Europe North America Epulu 
Consumed offered Consumed 
% of DM % of DM % of DM 
C. protein 15-20 18-20 12-137 
Mean 19 18 13! 
C. Fat 3-5 1.5-2 
Mean 4 2 
NDF 31-50 20-38 45 
Mean 44 32 
ADF 18-34 14-37 34 
Mean 29 24 
E N= g 
+ N= 4, diet consist out of e preferred foliage species 
t available protein 
Summary of contribution of foods to the total diet: 
N. America Europe 
DM As Fed DM As Fed 
Produce 2% 29 % 10 % 47 % 
Concentrate 44% 24 % 42 % 24 % 
Roughage 54 % 47 % 48 % 29 % 
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able protein, and no data describing availability are known for European or 
North American okapis. 

The amounts of NDF and ADF in the diets consumed in Europe are more 
comparable to the levels in selected natural diet items than are the North Amer- 
ican concentrations. 

As shown in Table 3, the dietary DM in the European diets contains a larger 
proportion of produce than in North America (10 % vs. 2 %). The proportion of 
concentrates offered in North America is 2 9o higher and the proportion of 
roughage 6 % higher than that consumed in Europe at the time of study. 

Table 4 illustrates the comparison of the diets observed in nature by Hart 
et al. (1989) and the European diets. The Epulu diet consumption was 23.5 kg 
per day, which is much higher than in Europe (8.0 kg). However the DM intake 
was similar (4.1 and 4.1 kg, respectively). This indicates that the natural diet 
contained more moisture than the diet consumed in Europe. DM intakes as a 
percentage of bodyweight are within the same ranges. Of the fiber fractions, the 
amounts of ADF and ADL are much higher in the natural diets. The digestion 
coefficients of hemicellulose and cellulose in natural diets are also higher. Even 
though lignin is, in theory, not digestible, both the European study and the 
study by Hart and Hart reported that 34-35 % of the lignin was digested. The 
reason for this result is unknown. The digestion of protein when animals con- 
sumed natural foods was reported as much lower than in captivity, although 
this is still unpublished data. This indicates that the natural diet may contain 
a higher amount of indigestible protein compared to the zoo diets, which can be 
expected to contain a high amount of digestible protein. 

Upon analysis, European roughage (hay) contained 17-19 9o protein and 
North American zoos 18-20 9o protein. NDF varied more, from 29-52 % in North 
America to 48-59 % in Europe, ADF ranges from 23-40 % in North America to 
34-46 % in Europe (Dierenfeld 1996). NDF in natural browse was 44.7 % and 
ADF 34.8 %. 

Digestibility and nutrient content relate to dietary intake. The comparison 
of diet intake on a fresh weight basis indicated that European okapis consumed 
more food than the North American okapis are offered. 

The dry matter intake for the European animals (x = 8) averaged 4108 
gms. Given that dry matter intake for okapis is 1.8 9o of body weight (Table 4), 
the dry matter intake for an average okapi weighing 235 kg should be about 
4.23 kg/day. DM fed for European okapis (4615 gms) averaged about 2.0 % of 
body weight. North American okapi (5626 gms) averaged about 2.4 % of body 
weight fed. Given sorting of stems and leaves, they may have consumed closer 
to 2 % of body weight but intake trials need to be performed for North American 
okapis. 

The concept of gut fill and diet quality is important in determining the 
appropriate food intake and dietary nutrient levels. If diet quality is poor 
(meaning it contains unbalanced or low levels of nutrients such as energy and 
protein) or if the food is relatively indigestible (meaning regardless of the nutri- 
ent content, the animal can not digest the food well because of other com- 
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Table 4 
Comparison of okapis diets consumed in nature (Hart et al., 1989; 
n = 4) and in European zoos (n = 8). (+ standard deviation) 


Analyses Hart 1989 Europe 
Intake (as fed basis) 23.5 kg 8.0kg 
DM Intake 4.1kg 4.0 kg 
DM Intake as % of body- 1.6-2.4 % 1.8 9o 
weight 

NDF" 44.7 % 44.2 % 
ADF" 34.8 % 28.8 % 
ADL’ 19.3 % 6.2 % 

CP' 15.3-16.4 % 18.7 % 
Digestion coefficients: 

Hemicellulose 77.3 %' 69.1 % (+ 6.0) 
Cellulose 69.0 %7 59.0 % (+ 8.0) 
Lignin 35.3 9o! 34.0 % (+ 14.0) 
Protein 46.1 %! 78.0 % (+ 4.0) 


* Percentage of DM= dry matter, CP= crude protein, NDF= neutral detergent 
fiber, ADF= acid detergent fiber, ADL= acid detergent lignin. 
t no standard deviations are available 


pounds in the food such as non-fermented fiber fractions and/or lignin bound 
protein), the animal will consume the diet to the capacity of its digestive tract. 
Thereafter, it can consume no more to meet its nutritional requirements. This 
means that the animal will be nutritionally deficient because it cannot digest or 
consume enough food to meet its needs. 

This concept is very important when evaluating diets. For example, two 
hays can be relatively similar in chemical analyses (like the European and 
North American alfalfa (lucerne): 17-20 9o protein) and considered then as 
good quality. However, because ol fiber levels or lignin levels in these hays, one 
may be much less digestible than the other. Digestibility of North American 
hays has not been determined for okapis, which makes direct comparison 
impossible. However, there is a published study which showed that the digesti- 
bility of the total diet fed to giraffes in North America was 85 % (Baer et al. 
1985). Obviously this study should be updated using today's hays with okapis, 
but this digestibility level would be expected with current North American 
hays. Digestibilities of diets by okapi and giraffe have been compared (Prins 
and Domhof 1984). This study concluded that both species have a limited 
capacity to digest plant cell wall material and that the low fiber digestion may 
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necessitate a relatively high feed intake. Intake however would in turn be based 
on the quality of feed and hay fed. Hay fed in European zoos contained more 
fiber (NDF and ADF) than the alfalfa hay fed in North America which may 
cause the digestibility of the European hay to be lower. The nutritional constit- 
uents of hay include not only protein but also, energy and an array of vitamins 
and minerals. None of this work evaluated the similarities of hays for the 
majority of nutrients. This fact must be considered when evaluating this infor- 
mation. Thus even though the North American and European hays are, in gen- 
eral, similar upon chemical analyses, (for those few constituents analyzed) 
given the probability of lower digestibility for European hay, the quality of the 
European hay for okapis is most likely considerably lower than hay quality fed 
to North American okapis, by as much as 14 96. Again, this is just an educated 
guess and to really prove this, digestibility studies must be performed with 
North American hay with okapis and more nutrients should be examined in all 
hays. 

To cope with these differences, the European okapis must either consume 
more hay to obtain the levels of nutrients needed, they must be offered a more 
digestible forage, or some other diet component such as nutritionally complete 
concentrate must make up for the nutrients unavailable in the forage. They will 
be able to meet their needs consuming more hay if they do not exceed their gut 
capacity to do so. Gut capacity relative to digestibility, however, remains 
unknown. 

Additionally, hay may not offer all the nutrients required by the okapis. It 
is well known through domestic animal research that hays and forages vary in 
mineral content depending on the soil on which they are grown. Nutrient con- 
tent also ean vary because of farming techniques, including soil fertilization. 
Because hay is stored for prolonged periods of time, nutritional content may 
change (Fahey 1994). Thus, it can be very important to utilize concentrate feeds 
that compliment nutrients lacking in the hay. One effective means to do this is 
by providing a nutritionally complete concentrate (such as a pelleted diet) for- 
mulated to specifically meet the probable requirements of okapis and supple- 
ment the nutrients lacking in hay. 


5.1 Behavioral information 


A number of behavioral studies have been performed with captive and free- 
ranging okapis. None have focused specifically on okapi food interactions. Giv- 
en this species’ special adaptions for procuring and digesting food, manipula- 
tion of browse and rumination are important considerations in selecting the 
physical form of food items offered. This highlights the importance of offering 
browse items that can be manipulated by the tongue, and long fiber fractions, 
from hay and browse conducive to proper rumination. 
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5.2 Physiological assessment data 


Systematic assessment of the nutritional status of okapis has not been under- 
taken at this point. It is appropriate that assessment be utilized to determine 
success of diets. These assessments may include body condition, biochemical 
values, as well as evaluation of growth and reproduction rates. However, at 
this time there are few data available to utilize in evaluating current diets. 


6. Conclusions 


6.1 Diet recommendations 


Nutrition advisors in Europe and North America have prepared dietary 
guidelines for captive okapis based on natural feeding ecology, physiological 
parameters, domestic animal nutrient requirements, probable exotic animal 
nutrient requirements, nutrient content of foods, animal food preference and 
consumption data, behavioral information and physiological assessment data. 
It should be stressed that at the moment no quantifiable researeh strongly 
supports levels of nutrients required by okapis or how to feed okapis in 
eaptivity. This document is the first attempt to offer a guideline on feeding 
captive okapis. It is based on the available literature and the research cited in 
this document. More research is necessary to add to the biological information 
of okapis and improve the nutrition guidelines. 

Dietary recommendations with respect to nutrient levels are based on the 
data provided by the nutrition studies (captive and wild re: protein and fiber) 
and the information available from the Nutrition Advisory Group herbivore 
feeding guidelines Fact Sheet. These nutrient guidelines are for the entire diet 
fed to okapis (see Table 5). These nutrients should be provided by a combina- 
tion of foods including: produce, concentrates, hay/forage and browse. These 
food groups and the recommendation for the contribution of these food groups 
to the total diet were obtained from natural feeding ecology, animal food pref- 
erence and consumption data. 

With respect to food groups offered, it is proposed that no more than 25 %, 
by weight, of the total diet intake should consist of produce, 25 % of concen- 
trates and at least 50 % of alfalfa (lucerne) and browse. The food group config- 
uration is proposed for the following reasons. 


6.2 Water and salt 


While not studied specifically it is required that all okapi must have access to 
good quality water available at all times. Additionally, it is recommended that 
okapi have available as an iodized salt (NaCl) block. 

6.3 Produce 


It is felt that produce is not required in the diet. Free-ranging okapi do not con- 
sume fruits or produce type foods. These foods do not offer any beneficial nu- 
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Table 5 
Recommended nutrient profile for captive okapi diets. Please note that 
the micro-nutrient levels suggested are simply a summary of data from 
other non-domestie ruminants that appears to be adequate. (NDF= 
neutral detergent fiber; ADF= acid detergent fiber) 


Nutrient Concentration range dry matter basis 
Protein, % 17-20 

NDE % 20-35 

ADF, % 13-18 

Vitamin A, IU/g 1.5-2.2 

Vitamin D, IU/g 0.4-0.5 

Vitamin E, IU/kg 120-178 


Thiamin, mg/kg — 
Riboflavin, mg/kg — 


Calcium, % 0.70-0.97 
Phosphorous, % 0.36-0.40 
Magnesium, % 0.18-0.24 
Potassium, % 1.6-1.8 
Sodium, % 0.10-0.44 
Iron, mg/kg 126-139 
Zinc, mg/kg 54-68 
Copper, mg/kg 10-12 
Manganese, mg/kg 54-57 
Selenium, mg/kg 0.12-0.18 
Iodine, mg/kg 0.3-0.4 


trients other than possibly moisture if water is in shortage. There is no 
behavioral need identified for offering produce to okapis. However, some ani- 
mal managers use small amounts of produce as reinforcement in training ses- 
sions. Produce in the diet has no apparent harmful effects unless provided at 
level that would interfere with the consumption of the nutritionally important 
foods or at a level that would cause dilution of the nutrients in the total diet. 
Thus, the quantity of produce in the diet can be none up to 25 9o on an as- 
offered basis. 
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6.4 Concentrates 


Because it is felt that concentrates can provide the nutrients lacking in hay, it 
is suggested that at least 25 9o of the total diet be comprised of concentrates. 
Of primary and crucial importance with this concentrate food group is that the 
concentrates used contain needed nutrients and appropriate levels of those nu- 
trients. Nutritionally complete concentrates must be formulated to complement 
the nutrients in roughages (hay). It is essential that each holding institution 
routinely chemically analyze their roughage. Protein, fat, some of the vitamins 
and all minerals must be supplied in adequate amounts to these animals daily. 
Specifications for concentrate manufacture must insure that these nutrients 
are included. Specific nutrients, especially minerals, may need to be adjusted 
based on the minerals in the roughage. 

To provide a total diet that meets the guidelines in Table 5, the following is 
a suggested formula for nutrient composition of the concentrate: 

Crude protein 17.0 96, lysine 0.8 9o, NDF 20-35 %, ADF 13-18 96, crude fat 
3.0 96, linoleic acid 1,0 % and ash 7.0 %. Recommended levels for minerals are 
Ca 0.65-0.90 % (maximum when fed alfalfa hay in addition to the concentrate), 
P 0.65-0.9 %, Na 0.3 9o, K 1.1 90, Mg 0.2 9o, S 0.2 9o, Zn 135 ppm, Cu 20-30 ppm, 
Fe 100 ppm, Co 0.35 ppm, Se 0.3 ppm and Mn 90 ppm. Advised minimal levels 
for vitamins are: thiamin 8 ppm, riboflavin 9 ppm, pantothenic acid 20 ppm, 
niacin 40 ppm, choline 1200 ppm biotin 200 ppb, vitamin B12 20 ppb, vitamin A 
5000 IU/kg, vitamin D3 1200 IU/kg and vitamin E 400 IU/kg. 

Again, it must be stressed that this is just a suggestion for nutrient composi- 
tion of the concentrate used, and that a nutritionally complete concentrate which 
complements the nutrients available from hay and that is appropriate to meet the 
okapis needs is essential. The use of non-nutritionally complete concentrates 
such as oats, wheat, bread and “other” will serve only to dilute the nutrients in 
the diet and should be discontinued. The use of concentrates that do not comple- 
ment the nutrients in the hay for this species (okapis) also may alter the nutrient 
levels and their use must be evaluated with respect to the effect on the total diet. 


6.5 Forage (hay) 


At least 50 % of the total diet fed should be a high quality (very leafy; > 16 % erude 
protein), alfalfa (lucerne). Hay will provide nutrients as well as fiber needed for gut 
function. Quality should be determined by chemical composition along with digest- 
ibility studies. Browse can be an important component of the diet and can actually 
replace some of the forage component if chemical composition is known and appro- 
priate quantities are consumed. Browse also can add an important behavioral 
component to the diet by providing manipulation opportunities for the animals. 


6.6 Quantity offered and consumed 


Okapis should consume at least 1.8 9o of their body weight (in DM) daily. This 
means they must be offered more than this, from 2 to 2.4 % of body weight. De- 


269 


S. Crissey, E.S. Dierenfeld, J. Kanselaar, K. Leus, J. Nijboer 


pending on the quality of the hay, they may need more or less. For growing, ac- 
tive, pregnant, or lactating animals, additional quantities may be offered. Ifhay 
quality is poor with respects to either nutrients or digestibility, more food must 
be consumed. However, since there is a limit to gut capacity, a high quality diet 
is important. 
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Supplementing the diet of captive 
giraffe (Giraffa camelopardalis) with 
linseed extraction chips 


Abstract 


Captive giraffe (Giraffa camelopardalis) are reported to have low 
linolenic acid concentrations in body tissues in comparison with 
free-ranging individuals. However, it is not known whether this 
merely reflects a different diet, or whether it impairs body func- 
tions. As linseed contains significant amounts of linolenic acid, the 
feeding of linseed extraction chips might be a practical way of sup- 
plementation. Captive giraffe with low linolenic acid status in 
their blood lipids (compared to domestic ruminants) were intro- 
duced to a diet that included linseed extraction chips. Blood lipids 
of animals from which samples were available after the change in 
dietary regime (n — 2) showed an increase in linolenic acid content. 
One of the animals had a history of skin lesions resistant to treat- 
ment. The skin lesions improved markedly during the course of lin- 
seed supplementation. While long-term effects of either linolenic 
acid deficiency or linolenic acid supplementation in giraffe remain 
to be demonstrated, these results suggest that giraffe might benefit 
from the addition of linseed extraction chips to their diet. 


Keywords 


polyunsaturated fatty acids, linolenic acid, skin lesion, 
peracute mortality syndrome 


U: Introduction 


It has been reported that captive giraffe (Giraffa camelopardalis) have a 
much lower content of polyunsaturated fatty acids (PUFA) in body tissues than 
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free-ranging giraffe, especially so for linolenic acid (Crawford 1968; Crawford 
et al. 1969, 1970, 1976, 1991; Williams et al. 1987). 

The eause of this difference is the diet. Fresh grass and leaves contain 
higher proportions of PUFA, predominantly linolenic acid (Harfoot 1981), than 
dried drying forage like hay, in which PUFA content, especially that of linolenic 
acid, is decreased (Harfoot 1981; Ghebremeskel et al. 1991). Concentrate feeds 
are made from grain and seed products, in which linoleic acid is the predomi- 
nant PUFA fraction (Harfoot 1981). Therefore, without access to fresh forage, 
giraffe and other captive herbivores probably ingest food with less PUFA than 
their free-ranging conspecifics, and with an inversed linoleic:linolenic acid 
ratio. 

In ruminants, ingested unsaturated fatty acids (FA) are subjected to com- 
plete or partial hydrogenation by rumen micro-organisms before they pass on 
into the intestinal tract, where they are digested and absorbed (Christie 
1981a). In domestic ruminants, almost all of the linolenic acid and 60-95 % of 
the linoleic acid is hydrogenated in the rumen (Doreau and Ferlay 1994). There- 
fore, ruminant adipose tissue contains mainly saturated FA (Christie 1981b). 
Ruminants rely on the small proportion of unsaturated FA that eseape ruminal 
degradation for the provision with essential fatty acids (EFA) (Van Soest 1994). 

An important sparing mechanism for the few escaped PUFA a ruminant can 
absorb is that they are not allocated to adipose tissue and triglycerides (TG) 
but are selectively incorporated into the metabolically less active, structural 
lipid fractions of the body, mainly phospholipids and cholesteryl esters (Chris- 
tie 1981a). Among the phospholipids, the ethanolamine phosphoglycerides 
(EPG) contain higher proportions of PUFA than the choline phosphoglycerides 
(CPG) (Crawford et al. 1976; c.f. table 2). In sereening ruminants for their FA 
status, the total plasma FA or plasma triglycerides are therefore less revealing 
than plasma phospholipids. 

The question remains whether a low provision of PUFA, and especially lino- 
lenic acid, in captive giraffe has pathological implications, or whether it is 
merely the reflection of a different diet. Except for very recent work on black 
rhinoceros (Diceros bicornis) (Suedmeyer and Dierenfeld 1998) there are no 
reports of FA deficiencies in zoo ungulates, and hardly any reports of clinieal 
signs comparable to those of domestic animals suffering from PUFA deficiency, 
the best-known of which is the oceurence of skin lesions (Holman 1968; Fiennes 
et al. 1973). Dermatoses have rarely been reported in giraffe. Mainka and 
Cooper (1989) reported areas of alopecia and hyperkeratosis on the shoulders, 
muzzle and between the horns of a giraffe suspected to suffer from hypothy- 
roidism. Kuschnarew and Samigin (1985) reported alopecia and hyperkerato- 
sis of mainly unpigmented areas of the legs, the ventral abdomen and the shoul- 
der in a group of three giraffes. Diseases due to infections or physical agents 
were ruled out, and the authors suspected a photosensitizing effect of pro- 
longed alfalfa feeding; the authors considered neither a zine nor a PUFA defi- 
ciency. The only other case reported (Flach et al. 1997) concerned a female 
reticulated giraffe which developed alopecia and hyperkeratosis on the hind 
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legs and the ventral abdomen concurrently with chronie loss of condition and 
persistent neutrophilia. 

We report here intitial results from feeding linseed extraction chips to a 
group of three captive giraffes, including the animal with areas of alopecia 
described above (Flach et al. 1997). Linseed chips were chosen as a source of 
linolenic acid supplementation because they were part of the feeding regime of 
several other species at the facility and therefore readily available. We wanted 
to test whether the giraffe would aecept the supplement, and whether any 
changes in blood lipid composition and in the skin lesion would occur. 


2. Animals and Methods 


The investigation was carried out at Whipsnade Wild Animal Park (WWAP) in 
1998. The breeding group of five reticulated giraffes were fed individually with 
lucerne hay, two commercial concentrate pellets (“Browser Breeder", and “Ele- 
Vit-E”, both from Mazuri, SDS, Essex, UK), plus a variety of fruits and vegeta- 
bles, and occasional browse (usually beech, Fagus sylvatica). For daily intake 
of food items and their chemical composition see table 1. Analyses for fatty acid 
content of feedstuffs were not available. At the end of March 1998, linseed ex- 
traction chips (Cargill Ple, Gladstone Dock, Bootle, UK) were added to the diet 
of three giraffes at a daily rate of 1 kilogram per animal. All foodstuffs were 
weighed in and out on a daily basis. When allowed out of doors, the giraffes con- 
sumed grass in small amounts. 

Plasma or serum samples, which had been collected during routine clinical 
examinations of five giraffes and stored frozen at -20?C, were available as pre- 
supplementation samples. Two of these animals (animals 4 and 5 in table 2) 
were re-sampled three months after the introduction of linseed chips. Analyses 
of fatty acid composition of plasma and serum samples were performed using 
the technique described by Williams et al. (1987). The alopecic skin lesions 
were monitored visually and by photography between April and August 1998. 
Microbiological and histological analyses of the lesions were not available. 


3. Results 


Every day, the entire amount of linseed chips was consumed by each animal. 
The results of the FA analyses are presented in table 2. The percentage of lino- 
lenic acid was increased in all lipid fractions investigated after the dietary 
change, while the percentage of linoleic acid did not increase. The proportions 
of PUFA are generally lower in the TG fraction than in the phosphoglycerides. 
The changes in FA profile after the dietary change are most prominent in the 
EPG, and least prominent in the TG fraction of plasma/serum lipids. The in- 
crease in the percentage of linolenic acid is more prominent in the younger an- 
imal. 

'The skin eondition improved markedly during the first three months of lin- 
seed chips supplementation (figures 1 and 2). New hair growth appeared in the 
dry, hairless, scaly patches. 
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Table 1 
Consumption per animal and day (in kg original substance; range of 
individual average intake) and chemical composition of feedstuffs; dry 
matter (DM) in % original substance; crude protein (CP), crude fat (CF), 
erude ash (CA), neutral detergent fiber (NDF), acid detergent fiber 
(ADF), acid detergent lignin (ADL), nitrogen-free extracts (NFE) in % of 


DM. (from Clauss et al., in prep.) 
Food C'kg| DM NDF ADL | NFE 
Pellet 3-8 |90.18 38.24 48.04 


Vitamin E Pellet 0.2 


Lucerne stems 3-4 | 87.97 | 14.24 | 0.72 


* Consumption 


Linseed Extr. Chips 


34.87 | 15.91 


4. Discussion 


The percentages of linoleic acid in plasma/serum phospholipids in the investi- 
gated giraffes were higher than reported in domestic ruminants (Christie 
1981b; c.f. table 3), which might reflect a higher dietary intake in this FA via the 
concentrates, or could be due to differences in forestomach physiology (Mever 
et al. 1998); the relatively fast passage rate of giraffes (Clauss et al. 1998) could 
result in more unsaturated fatty acids leaving the rumen before they are hydro- 
genated. In contrast, linolenic acid percentages in the plasma/serum before 
supplementation were below those seen in domestic ruminants, supporting the 
view that captive giraffe are low in this fatty acid. 

Linseed supplementation did not increase the average linoleic acid propor- 
tions, but those of linolenic acid in plasma/serum phospholipids increased. The 
inerease was more prominent in the younger animal, which received, relative 
to its body weight, a higher dose of linseed chips. Unfortunately, there is no 
reported data on blood lipids in free-ranging giraffe to use for comparison. This 
data should be collected in the near future. 

Long-term effects of the feeding of linseed extraction chips to giraffes 
remain to be investigated. The improvement in the skin lesion of one giraffe 
coincided with the first three months of linseed supplementation, suggesting 
that linolenie acid deficiency may have been the cause, or a major factor. To our 
knowledge, there are no reports of linolenic acid-responsive skin lesions in 
ruminants. The improvement of the lesions occurred at the onset of summer 
when the giraffes spent increasing amounts of time out of doors. Therefore, the 
hypothesis of Kuschnarew and Samigin (1985) that lucerne causes photosensi- 
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tization seems doubtful in this case. A general improvement due to seasonal 
influences, on the other hand, cannot be excluded. 


Table 3 
The percentages of linoleic (LE) and linolenie (LN) acid in the total fatty 
acid content of phospholipids (PL) and triglycerides (TG) in the plasma 
of domestic ruminants (from Christie 1981b). 


Animal species PL TG 

LE LN LE LN 
Cattle 10.7 2.0 LG 1.0 
Sheep 15.8 2.5 4.7 0.9 
Goat 14.6 3.9 3.2 1.0 


Zinc (Zn) deficiency can cause typical skin lesions in ruminant animals (Puls 
1994). Zine content was not determined in the course of this investigation. 
Although a diet of solely lucerne hay, which contains about 25-33 mg Zn/ kg DM 
(NRC 1989), would not meet reported Zn requirements of domestic ruminants of 
40—50 mg/ kg DM (Kamphues et al. 1999), a diet that consists of large proportions 
of a complete feed like the commercial pellet used for these giraffe (with a Zn con- 
tent of 44 mg/kg DM claimed by the manufacturer) seems unlikely to cause Zn 
deficiency. 

Linseed chips are palatable and high in protein and fat (see table 1). There- 
fore they are energy-dense, but will not induce rumen acidosis because their 
energy density is not due to soluble carbohydrate content (c.f. NfE-values of dif- 
ferent feedstuffs in table 1). However, due to the presence of cyanogenic com- 
pounds and linatin, linseed products should not be fed ad libitum (Kamphues 
et al. 1999). The ration of 1 kg per animal was based on Benbow's recommen- 
dation (1988) for the supplementation of *thin giraffes". Kamphues et al. (1999) 
recommend that no more than 1 kg of linseed extraction chips be fed to beef 
cattle per animal per day, and no more than 2 kg for dairy cows. As with all die- 
tary changes, the new supplement should be introduced gradually, and it 
should be offered individually to avoid over-feeding of a dominant animal. In 
this case, the giraffes accepted the linseed chips readily and generally con- 
sumed them before turning to other diet items. As PUFA in body tissues are 
especially susceptible to oxidation, a vitamin E supplement should be fed 
together with the linseed chips, as was done routinely at WWAP. 

In captive giraffe, there is a high incidence of the so-called peracute mor- 
tality syndrome, a condition in which the animals are found to have widespread 
serous fat atrophy at necropsy (Fowler 1978; Junge and Bradley 1993). The 
additional provision of an energy-dense food, like linseed extraction chips, 
could counteract tendencies to mobilise body fat stores. Additionally, a defi- 
ciency in EFA, and especially in linolenic acid, has been reported to increase 
metabolic rate, diminish fat storage capacity, and reduce both insulin secretion 
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and responisveness in certain animals (Holman 1968; Vernon 1992; Chillard 
1993; Ashes et al. 1995). This theory might also be applicable to giraffes. 


5. Conclusions 


1. Data from the literature suggest that captive giraffes, unless especially 
supplemented or fed large amounts of browse, have a low supply of lino- 
lenic acid. 


2. Whether this deficiency is a cause of clinical problems remains to be dem- 
onstrated. 


3. It has been observed that supplementing the diet of two captive giraffes 
with linseed extraction chips increased the linolenic acid percentage of 
plasma phospholipids. 
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Copper and Manganese Status in 
Ruminants 


Abstract 


The copper (Cu) and manganese (Mn) status of different ruminants 
depends on the species, and the dietary intake and thus organ tis- 
sues of different wild ruminant species were analyzed and com- 
pared with domestic ruminants. The Cu concentrations in the liver 
and cerebrum indicating sufficient Cu status are lower in some spe- 
cies of wild ruminants kept in captivity, wild living deer, and do- 
mestic goats than in cattle and sheep (35 mg Cu/ kg liver dry matter 
(dm), and 9 mg Cu/ kg cerebrum dm). A lower limit value is assumed 
for blackbuck, Cuvier's gazelle, Roosevelt's gazelle, duiker, sable an- 
telope, kudu, aoudad, and sika. Apart from gazelles and duikers, the 
Mn concentration in the liver of most of the ruminant species does 
not reach the limit value for a sufficient Mn supply (8 mg Cu/ kg liv- 
er din) valid for cattle and sheep. Contrary to that, the Mn content of 
hair was lower in deer aud duikers compared to other ruminant 
species. 


Keywords 


Minerals, nutrition, ruminant 


ilo Introduction 


The breeding of rare animals is one of the goals of many zoos. Nutrition is an 
important component of captive reproduction programs. The assessment of the 
nutritional and especially of the mineral status of different species of rumi- 
nants depends on the knowledge of their normal status. Using the values of 
mineral concentration in organs which are regarded as the limit values for a 
sufficient mineral supply in cows and sheep may result in overestimating the 
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incidence of mineral deficiency in wild ruminants. Due to the species specifity 
of the mineral status, organ tissues of different wild ruminant species were an- 
alyzed and compared with domestic ruminants. 

Results on the Cu- and the Mn-status in wild ruminants which were kept in 
captivity are presented. 


2. Material and Methods 


2 Indicator organ tissues of the Cu and Mn status 


Sinee the capacity of indieating the trace element status of several tissues is 
element-specific (Hurley and Keen 1987, Davis and Mertz 1987, Anke et al. 
1988, Duflou et al. 1988, Hambidge 1988, Reichlmayr-Lais and Kirchgessner 
1988), in previous studies various organ tissues and hair were tested for their 
suitability to reflect a different Cu or Mn supply in goats, bulls, and sheep (Anke 
et al. 1978). 

Under the condition of Cu deficiency, the Cu status was best reflected by the 
cerebrum of goats followed by liver, blood plasma, and hair with decreasing 
reliability. On the other hand, the capacity of accumulating Cu is much higher 
in the liver of bulls, which received a high Cu amount in their diet than in their 
cerebrum and hair (Anke et al. 1988). 

The Mn status of the body and its organ tissues is more controlled homeo- 
statically than that of Cu. The liver was the best indicator to reflect a marginal 
Mn-supply. (Anke et al. 1978). Hair, kidneys, cardiae muscle, ovary, bone mar- 
row, spleen, and cerebrum also contained significantly less Mn than the corre- 
sponding tissues of control goats. The individual correlative calculation of the 
Mn content of different organ tissues of sheep demonstrated that a high Mn 
supply is reflected in the liver and kidneys (Anke et al. 1988). 


2.2 Animals 


In the present study most of the wild ruminants which were kept in captivitv 
came from the Zoological Society of San Diego. aoudads (Ammotragus lervia) 
from the Zoo Leipzig. and one group of sika deer (Cervus nippon) were from 
the Zoo Delitzseh. Germany. The daily Cu and Mn intake was caleulated based 
upon consumed feed stuff, analysis of roughages and known Cu and Mn con- 
centration of pellets and were estimated to contain 15-20 mg Cu/kg diet and 
70-90 mg Mn kg diet. The Cu and Mn intake of aoudads (Zoo Leipzig) and sika 
deer (Zoo Delitzseh) averaged on 5 mg Cu kg diet and 60 mg Mn/kg diet. 

For comparison. organ tissues from wild-living (red deer [Cervus elaphus], 
fallow deer [Cervus dama]. roe deer [Capreolus capreolus]) and domestic 
ruminants (cattle [Bos primigenius f. taurus]. sheep [Oris ammon f. aries], 
goat [Capra aegagrus f. hircus]) were obtained from different locations in the 
states of Germany: Thuringia, Saxony. Province Saxony. Brandenburg, and 
Western-Pommerania. 


Copper and Manganese Status in Ruminants 


The mean Cu and Mn concentration of the diet of the wild living ruminants 
were estimated based on rumen content analysis (red deer: 7 mg Cu/ kg DM and 
941 mg Mn/ kg DM, fallow deer: 8,9 mg Cu/ kg DM and 277 mg Mn/ kg DM, roe 
deer: 8,1 mg Cu/ kg DM and 342 mg Mn/ kg DM). The mean Cu and Mn concen- 
tration of the diet of the domestic ruminants varied between 10 and 15 mg Cu/ 
kg DM and between 50 and 70 mg Mn/kg DM. 


2.3 Chemical Analysis 


The samples were dried at 105 °C to constant weight and dry ashed at 405 °C. 
The ashes were dissolved in hydrochlorid acid (25 %) and thinned down with 
aqua bidest to 2.5 9o. The Cu and Mn concentration were analysed by atomic 
absorption spectrometry (JarRell Ash 850) or optical emission spectroscopy 
with inductively coupled plasma (Spectroflame D, Spectro Analytical Instru- 
ments). The Cu analysis was performed at a wavelength of 327.396 nm with an 
underground compensation at the line of 327.428 nm and the Mn analysis at a 
wavelength of 257.428 nm with an underground compensation at the line of 
257.570 nm. The detection limit of the apparature was 10 ug/l for Cu and Mn. 
The results were statistically assessed with the progam SPSS for Windows 
(version 6.01, SPSS, Inc.). 


3. Results 


The liver of ruminants can store remarkable amounts of Cu whereas cerebrum 
cannot accumulate such Cu amounts at all (table 1). On the average, the liver 
contained up to 31 times more Cu than the cerebrum. Only blackbucks (Anti- 
lope cervicapra) and duikers (Cephalophus) stored less Cu in their livers 
compared to the Cu content of the cerebrum. It seems that the accumulation of 
Cu depends on both, the Cu intake as well as the species. Although zoo deer re- 
ceived a high amount of Cu in their diet of approximately 25 mg/kg, they accu- 
mulated an average of between 168 and 565 mg Cu/kg DM in their livers. The 
same was true for gazelles (Antilopinae). The mean Cu concentration in their 
livers varied between 18 and 416 mg Cu/kg DM. On the other hand, in wild Eu- 
ropean deer with a much lower Cu intake the ratio of Cu content in the cere- 
brum and liver varied between 12 in fallow deer (Cervus dama), 8 in roe deer 
(Capreolus capreolus) and 3 in Red deer (Cervus elaphus) (Anke et al. 1980, 
Arnhold et al. 1998). Furthermore, the livers of Eld's Deer (Cervus eldii) which 
consumed about half the concentration of dietary Cu (12 mg Cu/kg diet) con- 
tained only 30 % of that found in Eld's deer (with a high Cu intake of 25 mg Cu/ 
kg diet), (Arnhold et al. 1999). 

The Mn concentration in the liver and kidneys of zoo ruminants did not dif- 
fer between the organ tissues to such an extent as Cu because both liver and 
kidneys react to a higher Mn supply (table 2). Among these ruminant species 
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Table 1 
The copper content of liver and cerebrum in ruminants (mg/kg DM). 


Species (n;n) Cerebrum Liver 
SD mean | mean 

Cervus nippon (10;11) JD 12 168 

Ozotoceros bezoarticus (4;5) 1.7 9.1 279 

Cervus duvaucelii (6,6) 1:9 16 300 

Axis axis (658) 1.3 14 310 

Axis porcinus (7;7) 3.4 18 565 

Aepyceros melampus (4;4) 5.9 15 205 

Antilope cervicapra (4;4) 11 31 18 

Gazella cuvieri (7,8) 3.4 15 90 

Gazella subgutturosa (7;7) ul 16 145 

Gazella thomsonii (1,6) 4.2 20 326 

Gazella granti (5;6) 2.8 16 89 

Gazella soemmerringii (4,3) 5.3 17 416 149 n.s. 24 
Gazella dama (4;4) 13 23 258 67 n.s. 11 
Oryx (15;17) 2.4 13 147 139 | < 0.001 11 


Boselaphus tragocamelus 1.5 n.s. 23 
(2;4) 

Tragelaphus strepsiceros (4;4)| 3.6 n.s 1.5 
Tragelaphus without Kudu 7.8 « 0.05 4 

(5;6) 

Bos frontalis gaurus (2;3) n.s 15 
Bison b. bonasus (4;5) n.s. 14 
Ovis ammon (13;13) 144 < 0.01 16 
Capra falconeri (6;6) 109 < 0.05 5 

Capra ibex (12;13) gm. « 0.01 13 


*. Cerebrum = 1, Liver = x 
t. Lowest value = 1, Highest value = x 


the liver of gazelles and duikers seem to accumulate more Mn than that of other 
species. Similar ratios between the Mn content of liver and kidney were 
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obtained in domestic and wild living ruminants (Anke et al. 1979, Hurley and 


Keen 1987). 
Tables 2 
The manganese content of liver and kidneys in ruminants (mg/kg DM) 
Species (n;n) | Kidney Liver D 0% 
SD mean | mean SD 

Cervus nippon (12;12) 0.86 5.4 1.8 < 0.01 142 
Ozotoceros bezoarticus 0.55 7.8 1.9 < 0.05 153 
(5,5) 

Cervus duvaucelii (6;6) 0.45 6.0 1.0 « 0.05 158 
Axis axis (7;8) il, 5.4 ital « 0.05 138 
Axis porcinus (7;7) 8.0 L8 < 0.05 178 
Aepyceros melampus (4;4) 3.0 n.s 351 
Antilope cervicapra (4;3) lail n.s 184 
Gazella cuvieri (7;8) 4.1 n.s 179 
Gazella subgutturosa 3.6 « 0.05 424 
(777) 

Gazella thomsonii (7;7) 7.0 < 0.05 320 
Gazella granti (6;6) 5.9 < 0.05 271 
Gazella soemmerringii 3.6 n.s 255 
(5;4) 

Gazella dama (5;5) 4.1 15 3.0 « 0.05 366 
14 | «005 | 26i 
Oryx (17:17) 3.5 6.2 1.8 « 0.01 Wr 
Hippotragus niger (6;3) 3.7 1.9 n.s 159 
Boselaphus tragocamelus 5.2 2.4 n.s 121 
(4:4) 

Tragelaphus strepsiceros 4.1 0.88 n.s 159 
(4;4) 

Tragelaphus without Kudu 3.8 < 0.05 208 
(6,6) 

Bos frontalis gaurus (3;3) 1.9 4.8 5.8 0.71 n.s 135 
Bison b. bonasus (4;4) 1.4 3.8 5.8 R2 n.s 153 
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Tables 2 (continued) 
The manganese content of liver and kidneys in ruminants (mg/kg DM) 


Ovis ammon (11;13) 
Capra falconeri (6;6) 0.64 
Capra ibex (13,13) 


*  Kidneys = 10096, Liver = x% 
T. Lowest value = 100%, Highest value = x% 


4. Discussion 


The mean Cu content of the liver in ruminants varied between 13 and 565 mg 
Cu/kg DM, and is particulary higher than in non ruminants (Davis and Mertz 
1987). Nine mg Cu/kg DM in the cerebrum is regarded as the value limit in cows 
and sheep (Anke and Risch 1979). Sable antelopes and European roe and red 
deer did not reach those Cu amounts. However, these findings does not indicate 
Cu deficiency since their livers contained more Cu than the limit value of 35 mg 
Cu/kg liver DM valid for cattle and sheep. Therefore, their main store aceumu- 
lates enough Cu amounts to meet the requirement. The liver of blackbucks, 
duikers, sable antelopes, kudus, red deer (Anke et al. 1980), and domestic goats 
(Anke and Risch 1979) did not reach this Cu concentration of 35 mg/kg DM. Al- 
though they stored the smallest Cu amount, deficiency symptoms were not reg- 
istered. At present, lower limit values are suggested for these species (table 3). 
It confirms the Cu value limit for red deer proposed by Mackintosh (1986). Fur- 
thermore, a few individuals of aoudads (Arnhold et al. 1998), Cuvier 's gazelles, 
and Roosevelt's gazelles stored less than 35 mg Cu/kg DM in their livers. A Cu 
limit value of 15 mg/kg DM is assumed. This Cu value limit might be even lower 
in sikas, which stored (with a Cu intake of 8 mg/kg diet) only 8% of their Cu as 
compared with the livers in sikas which received about 25 mg Cu/kg diet (Arn- 
hold et al. 1999). On the other hand, Cu deficiency has been reported in blesbok 
antelope (Damiliscus dorcas Phillipsi) at a Cu dietary level of 16 mg/kg DM 
without the presence of known Cu antagonistic dietary components (Dierenfeld 
et al. 1988). 

The variation of the mean Mn concentration in the liver is less distinet than 
that of Cu. It varied between 5.4 and 16 mg Cu/kg dm among the ruminant spe- 
cies, and seems to be in the same range as that as humans and rats (Hurley and 
Keen 1987). Eight ppm Mn in the liver are regarded as the limit value for a suf- 
ficient Mn supply. Apart from gazelles and duikers, most of the zoo ruminants 
stored less Mn in the liver. However, no deficiency symptoms were registered, 
and, at the present time, lower value limits are proposed for the species in que- 
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Table 3 
Limit values of indicator tissues for a sufficient copper and manganese 
supply (mg/kg DM) 


5 eee Copper 
Species Species 
Liver |Cerebrum 

Bos primigenius f. 6 Bos primigenius f. 39 9 
taurus taurus 

Ovis ammon f. aries Ovis ammon f. aries 35 9 
Capra aegagrus f. Capra aegagrus f. 8 

hircus hircus 

Capreolus capreolus Capreolus capreolus | 20 

Cervus dama Cervus elaphus 15 


Axis porcinus Cervus nippon 10 


Ozotoceros bezoarti- 
Cus 


Cervus duvaucelii 
Axis axis 


Cervus nippon 


Cephalophus 


Boselaphus trago- 
camelus 


Cephalophus 


Antilope cervicapra 
Gazella cuvieri 


Gazella Be 


Tragelaphus strep- 
siceros 


Bos frontalis gaurus 5 
Bison b. bonasus 
Ovis ammon Ammotragus lervia 15 
— | | o 


stion (table 3). Furthermore, gazelles and duikers obviously accumulate a 
lower Mn amount in the hair than the other ruminant species. These findings 
conform with the Mn concentration of hair in wild living deer that averaged on 
3,1 mg Mn/kg hair dm in fallow deer and 2,4 mg Mn/kg hair dm in roe deer (Anke 
et al.1979). 
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5. Conclusions 


1. The Cu and Mn status of ruminants depends on species, and Cu and Mn 
intake. 


2. The Cu deficient status is best reflected by cerebrum. The Cu concentra- 
tion of liver, blood plasma and hair react to a different Cu supply with 
decreasing reliability. On the other hand, a Cu overload is best refeleted by 
the liver. Other organ tissues cannot accumulate such high Cu concentra- 
tion like liver. 


3. Liver, kidneys, and hair reflect the Mn status with decreasing reliability. 


4. The limit value of 35 mg Cu/kg liver DM which is regarded for a sufficient 
Cu supply in cattle and sheep is lower in blackbuck, Cuvier's gazelle, Roo- 
sevelt's gazelle, duiker, sable antelope, kudu, aoudad, and sika. A lower 
limit value than 9 mg Cu/kg cerebrum DM is assumed for sable antelope 
(Table 3). 

5. The limit values of 8 mg Mn/kg liver DM and 5 and 6 mg Mn/kg hair DM 
which are regarded for a sufficient Mn supply in cattle and sheep are not 


reached by many ruminant species for which lower limit values are 
assumed (Table 3). 
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Iron in the Liver of Animals in the Zoo: 
A Pathologists point of view 


Abstract 


Based on a retrospective study the iron content of the liver was 
evaluated in histological slides stained with Prussian blue. The 
amount was scored semi-quantitatively in the hepatocytes and 
Kupffer cells. The livers of 945 birds (13 orders), 179 New World 
monkeys (11 families), and 137 Artiodactyla (6 families, 32 genera) 
were evaluated. The results indicate different sensitivity to iron- 
storage in different species or groups of animals. There was a 
remarkable difference in iron load in some species between two 
larger zoos, indicating differences in dietary iron content. In many 
species iron was restricted to the reticulo-endothelial-system, 
which might be related to specific iron absorption-capacity of 
macrophages. In the discussion these findings are correlated with 
the most recent opinions about iron metabolism, hemosiderosis and 
hemochromatosis. 


Keywords 


Iron, liver, intestinal epithelial cell, hemosiderosis, 
hemochromatosis, mucosal block ferritin 


8] Introduction 


Iron toxicity (hemosiderosis and hemochromatosis) is a common problem in 
many zoo animals (Robbins 1993). At necropsy, iron in organs, especially liver 
and spleen, is a common finding in the histological evaluation of organs of (zoo) 
animals. Studies conducted especially on some species of birds such as mynahs 
and toucans, and on monkeys provide evidence that even "normal" dietary iron 
intake can result in iron overload of the liver (Cork et al. 1995, Dorrestein et al. 
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1992, Miller et al. 1997). For “normal” dietary iron the authors consider the “av- 
erage" requirements to range from 60-100 ppm, as published in general hand- 
books as minimal requirement for most animals species (e.g. NRC 1989, 1994). 
Toxic levels in the same publications range from 1000-2000 ppm (Klasing 1998, 
NRC 1989). These levels are often used as a reference, particularly when no 
information is available about the requirements of the species involved. 

Iron is a trace element, necessary in the metabolism of all cells and espe- 
cially important in hemoglobin synthesis. Free ionic iron on the other hand, is 
highly toxic to living cells. In normal situations, iron molecules are taken from 
the diet and absorbed from the duodenum by mucosal cells according to the 
physiological needs of the animal. This absorbed iron is stored in the mucosal 
cells and the amount of iron released to the plasma depends on the needs for 
metabolism in the body cells and of hemoglobin synthesis. The surplus of iron 
in the mucosal cell that is not released into the plasma within 3-5 days will 
leave the intestine with the sloughing of the epithelial cells. In most species, 
restrieted mucosal uptake and binding to ferritin in the epithelial cells are 
believed to be the important limiting steps of iron absorption into the body in 
order to maintain this equilibrium (Gordeuk et al. 1994). This mechanism is 
sometimes called the “normal mucosal block". 

Based on this knowledge and in combination with additional information 
such as animal species, diet, and disease history, the pathologist can say much 
more about the background of the iron found in the liver. This includes infor- 
mation concerning the location of the iron in the hepatocytes and/or macro- 
phages (e.g. Kupffer-cells). In some situations, especially in birds, the spleen 
can be used to differentiate between a dietary overload and excessive hemoly- 
sis. It is essential to differentiate between the different possible causes, 
because some involve dietary management while others do not. 


2. Material and Methods 


In a retrospective study, we microscopically re-evaluated the livers of 945 birds 
(13 orders), 179 New World monkeys (11 families) and 137 Artiodactyla (6 fam- 
ilies, 32 genera). The iron was demonstrated using Prussian blue. The amount 
of iron was scored from 0 to 4 for the staining intensity. We also differentiated 
for location: hepatocytes, macrophages or both. 


3. Results 


In 128 livers of the birds (13.5 90) we demonstrated iron, but there was an obvi- 
ous difference in distribution and intensity of the iron between different orders 
and within orders between families (Fig 1 and 2). 

Hemochromatosis (including liver damage) was seen in only a few species. 
In addition to the above-mentioned "traditional" birds, high levels of iron in 
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Fig. 1. Distribution of the iron score between different orders and families. Notice the 
differences in accumulation in the hepatocytes and kupffercells. 
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Fig. 2. The distribution of the iron accumulation in the different families of the psit- 
taciformes. In all cases the score in the kupffercells was much higher than in 
the hepatocytes. This most. probably does reflect a high incidence of inflam- 
matory background. 


hepatocytes were seen in waterfowl and fruit-eating doves. In psittacines, the 
birds most frequently found positive were the lories. More than 25 % positive 
birds were seen in the amazons, cockatoos, neophemas and macaws. In the 
macaws, there was a correlation of 80 % with gastric dilatation syndrome 
resulting in iron both in hepatocytes and pigment granulomas. In all psitta- 
cines, the score in the macrophages was much higher than in the hepatocytes, 
indicating involvement of infectious diseases. In seed-eating passeriformes, 
columbiformes and galliformes, iron in the liver was only located in macro- 
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phages. In insectivores and fruit-eating representatives of these orders, high 
iron scores were often observed in hepatocytes. 

In the New World monkeys, iron was demonstrated in 72 % of all livers: 
Saimiri 81 9o, Callithrix 95 9o, Saguinus 72 9o, Cebuella 82 % and Lagotrir 
60 %. This iron was predominantly found in hepatocytes and less in Kupffer 
cells and macrophages, indicating a diet related origin. The level of iron in Cal- 
litrichidae was, both in hepatocytes and macrophages, 50 % higher than in 
Cebidae. Within one family, large differences in iron scores existed between dif- 
ferent zoos (Fig. 3). One remarkable finding is that in the period 1988-1992 in 
the Cebidae, the liver-cell score for iron was zero, but in the Callitrichidae it 
ranged between 1.63 and 3.50. After 1992, the range in the Cebidae was 1.00 to 
1.75 and in the Callitrichidae 1.75 to 2.78 (Fig 4). 

The Artiodactyla could be divided into 26 Camelidae, 67 Bovidae, 34 Cervi- 
dae and 6 Tragulidae and 4 Giraffidae. The number of most genera was low, but 
iron was demonstrated in almost all individuals, predominantly in Kupffer 
cells. Average scores in liver cells higher than 2 were found in Muntiacus (1/1/ 
Di Rangifer (3/3/3), Tragelaphus (4/7/8), and Antilope (3/2/3). In Rangifer, 
the average scores were very high: 3.33 in hepatocytes and 4.00 in Kupffer cells. 
But, in general, Artiodactyla seems not to have a high propensity to store iron 
in hepatocytes. The family Cervidae seems to be somewhat more sensitive to 
iron storage than Bovidae and Camelidae. There was, as in the monkeys, a 
remarkable difference in iron load between two larger zoos, especially in Cer- 
vidae, indicating possible differences in dietary iron content (Fig. 5). In Artio- 
dactyla the iron was predominantly found in Kupffer cells in association with 
infectious or inflammatory processes. 


4. Discussion 


Iron deficiency was the major problem relating to iron metabolism in zoo ani- 
mals in the past, particularly in young, bottle-raised animals (Robbins 1993). 
However, we know that the prevalence of iron overload in certain groups of 
mammals and birds in captivity may be a big problem today. 

Hemosiderosis, as a form of iron accumulation in tissues and parenchymal 
organs, is a common finding in a wide range of birds and mammals (Miller et 
al. 1997, Ward et al. 1988). Hemosiderosis is defined as a focal or general 
increase in tissue iron stores, as an insoluble form, without associated tissue 
damage. The liver is the most common target organ. Little is known about the 
clinical meaning. In some birds, such as mynahs (Gracula spp.), birds of par- 
adise (Paradisideae) and toucans (Ramphastidae), and some mammals this 
accumulation can develop into iron storage disease (hemochromatosis). In 


1. (1/1/1) means 1 animal with liver cells positive for iron and 1 animal with Kupffer 
cells positive for iron of a total of 1 animal studied. 
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Fig.3. The level of iron in Callitrichidae was, both in hepatocytes and macrophages, 
50% higher than in Cebidae. Within one family, large differences in iron 
scores existed between different zoo (A, B, C). 
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man, hemochromatosis is a disorder of iron metabolism characterized by 
excess deposition of iron in the tissues, especially in the liver, associated with 
pathological changes. 

Several studies have been conducted to clarify the etiological factors in 
birds and mammals. Some authors have shown that excess dietary iron is a 
major cause (Dierenfeld et al. 1994, Kincaid and Stoskopf 1987, Spelman et al. 
1989). Differences in dietary iron most probably will be the explanation for the 
differences found in iron scores in hepatocytes of the same animals (e.g. New 
World monkeys or Cervidae). The finding that in the period 1988 and 1992 in 
the Cebidae, the liver-cell score for iron was zero, and that after 1992 the range 
in the Cebidae was 1.00 to 1.75, comparable to the results in the Callitrichidae, 
can not be explained easily. An explanation could possibly be found in a change 
in thinking about iron requirements in monkeys in general, but there is no lit- 
erature known to the authors to support this hypothesis. 

Although the general view indicates that diet may be a contributing factor, 
the major cause most probably lies in species differences in regulation of iron 
absorption in the intestinal mucosa (Dorrestein et al. 1992, Gosselin and 
Kramer 1983, Ward et al. 1988, 1991). But why this balance is different in some 
species, resulting in iron storage, is still not fully understood. However, there is 
a growing awareness that iron storage disease occurs predominantly in frugi- 
vores and insectivores and that many fruits and insects are a poor source of 
iron (Klasing 1998, Miller et al. 1997). 

Microbiology studies show a close relationship between the availability of 
iron and bacterial virulence. Iron is also an essential requirement of bacteria 
for multiplication in the host. Therefore, clinical conditions associated with 
iron excess in the host may increase the risk for infection. Parenteral iron has 
already been shown in human and animal studies to be harmful when adminis- 
tered during infection (Hershko 1996). Sequestering extracellular iron into the 
liver and retieuloendothelial system is a useful non-specifie strategv of the 
immune response of the host. Removal of iron decreases the capacity for 
growth and replication of bacteria, thereby blunting the infection, but it also 
impairs host resistance by accumulating the iron in the macrophages (Hal- 
lquist and Klasing 1994, Patruta and Horl 1999). During the acute-phase 
immune response in mammals, lactoferrin is released by neutrophils and 
serves to transport extracellular iron to macrophages and, subsequently, the 
reticuloendothelial system. Birds, presumably, produce only one type of iron- 
binding protein in the serum, namely transferrin, to serve both iron transport 
and host protection (Hallquist and Klasing 1994). Macrophages have a great 
capacity to take up (e.g. by endocytosis and phagocytosis) exogenous sources 
of iron which could potentially become cytotoxic (Garner et al. 1997), but which 
also could enhance bacterial growth. In case of infections or inflammation (e.g. 
hemochromatosis) some acute-phase proteins (IL-4, IL-13 and Nramp1) may 
enhance iron uptake and storage in activated macrophages (Atkinson and Bar- 
ton 1999, Recalcati et al. 1998, Weiss et al. 1997). The increase of iron-binding 
proteins in macrophages (mostly L-ferritin) as a result of activation was dem- 
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onstrated in a study that quantified content of ferritins in alveolar macro- 
phages (AM) of smokers and non-smokers. Smokers demonstrated a 6.5-17.4- 
fold inerease in the AM content ofL ferritin and a 3.8-fold increase in H-ferritin 
compared with nonsmokers (Wesselius et al. 1992). 

Macrophages are also involved in erythrocyte processing, as well in a nor- 
mal physiological process of erythrocyte turnover as in situations of hemolysis. 
The macrophages involved normally are Kupffer cells and spleen macro- 
phages. In case of anemia, the need for iron will be increased and therefore the 
iron absorption in the duodenum will be increased. 

In summary, the following causes for a higher iron content of the liver can 
be present: 


a) Oral intake of iron (diet, soil, water, etc) 


1. A high dietary iron intake by animals with a “normal mucosal block” 
results in a high absorption. 


Location: predominantly in hepatocytes (and enterocytes) 

2. A “normal” dietary iron intake by animals with a “low mucosal block" 
results in a high absorption 
Location: predominantly in hepatocytes (and enterocytes) 

3. A "normal" dietary iron intake by animals with an intestinal problem 
results in a high absorption (e.g. stasis). 
Location: predominantly in hepatocytes and often also in macrophages 
(inflammation). 


b) Infectious diseases, especially bacterial and viral infections related to 
inflammation. 
Location: predominantly in macrophages, often proliferated in granulo 
mas, in many organs, including the liver. 


c) Excessive hemolysis or defects in erythropoiesis 


Location: predominantly in the spleen and in mammals in lymph nodes, 
but not in granulomas. 


5. Conclusions 


The above information indicates the need for more research, but above all, 
communication between the nutritionist and the pathologist about the diet, in 
relation to the finding of iron in the liver. In the necropsy reports “iron” should 
be differentiated between “iron in macrophages” and “iron in hepatocytes”. It 
is also essential in this study that all material is collected from animals that 
died spontaneously for some pathological reason. It is the opinion of the au- 
thors that iron in the hepatocytes is always directly related to iron intake via 
the gastrointestinal tract unless iron injections were used therapeutically. 
Comparable findings are reported in man where various types of hepatic dis- 
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ease resulted in different distribution of liver hemosiderin iron. In 65 % of pa- 
tients with acute hepatitis, hemosiderin was present in macrophages and 
Kupffer cells only (Graudal et al. 1996). 
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Regulation of food intake in 
monogastric and ruminant animals 


Abstract 


Adult individuals are usually characterized by a balance between en- 
ergy intake and energy expenditure. Food intake is controlled by 
various feed back systems with their signals being integrated in the 
central nervous system (CNS). Short-term regulation of food intake 
mainly involves feed back signals from the gastro-intestinal tract. 
They may be positive (e.g. from the oral cavity) or negative in nature. 
Distension of the stomach (or forestomachs) leads to the activation of 
vagal afferents projecting to the nucleus of the solitary tract in the 
hindbrain being connected with the hypothalamus. The presence of 
nutrients in the small intestine (or rumen) is sensed and the informa- 
tion transmitted via vagal afferents. Other important feed back sig- 
nals are various hormones such as cholecystokinin (CCK), gastrin-re- 
leasing peptide and the pancreatic peptides amylin, glucagon and 
insulin. These satiety hormones act partly via receptors on afferent 
nerves (CCK) or directly in the CNS (amylin, insulin). Feed back sig- 
nals from the hepatoportal area are postabsorptive in nature. The 
availability of glucose (propionate in ruminants), the oxidation of 
fatty acids and the energy status in general appear to be sensed in the 
hepatoportal area with the signals being transmitted mainly via he- 
patic vagal afferents. The lipostatie theory of the long term regula- 
tion of food intake and body weight postulates the presence of humor- 
al factors whose concentration depends on the size of the adipose tis- 
sue. Leptin and insulin are such factors, and both constitute negative 
feed back signals acting directly on the brain. Their main target or- 
gan is the hypothalamus, the main integrating center for the control 
of food intake. Within the CNS, numerous neurotransmitters interact 
in a complez system to control food intake. 


Keywords 


short-term regulation, long-term regulation, satiety 
hormones, central nervous system, hepato-portal area, 
Lipostatic theory, Leptin, disease, seasonal mammals 
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Adult individuals are usually characterized by a balance between energy in- 
take and energy expenditure leading to the maintenance of body weight at a 
relatively constant level. One part of this balanced system, energy intake, is 
controlled by various feed back loops. In this feed back control system, short- 
term and long-term regulatory systems can be differentiated which however 
are closely interconnected. These feed back signals are integrated in the cen- 
tral nervous system (CNS) and translated into an appropriate feeding re- 
sponse. The brain stem with the area postrema/nucleus of the solitary tract 
(AP/NTS) region and especially the hypothalamus have the predominant role 
in this regulation (Levin and Routh 1996, Rowland et al. 1996). 

The AP has no functional blood brain barrier and ean therefore easily be 
reached by circulating substances. It contains receptors for numerous satiety 
peptides. The AP is closely connected to the NTS which is an important projec- 
tion area for most vagal and splanchnic afferents from the body periphery. The 
AP/NTS region itself is connected with the hypothalamus which is the most 
important part in this system regulating feeding behavior (Rowland et al. 
1996). 

Mechanisms contributing to the so-called short-term regulation of food 
intake affect the termination of individual meals and the timing between meals. 
The aim of the long-term regulatory systems is rather to maintain body fat 
stores and thus body weight (Schwartz et al. 1997). 

Feed back signals, which can be positive or negative in nature, mainly 
derive from the gastrointestinal tract and its aecessory organs (Phillips and 
Powley 1996). Further, metabolism of nutrients in the liver or the portal area 
also contributes to the regulation of food intake (Scharrer et al. 1996). All these 
signals are conveyed to the central nervous system either by transmission via 
vagal or splanchnic afferents or they may reach the central nervous system via 
a humoral pathway (Levin and Routh 1996). The central nervous system con- 
tains neurons which are able to monitor the prevailing glucose concentration 
or the concentration of circulating hormones, for example insulin or amylin 
(Cooper 1994, Levin and Routh 1996). Those neurons are often found in the cir- 
cumventricular organs (e.g. the AP in the hindbrain) lacking a functional blood 
brain barrier. 

Taste and smell receptors in the oronasal cavitiy are connected with the 
central nervous system and often induce positive feed back signals when it 
comes to food intake, i.e. activation of these receptors causes sustained feeding 
— if not counteracted by negative feed back signals (Smith 1996). Palatability of 
food can stimulate food intake. This has been shown in numerous experiments 
where overeating in rats was induced by a so-called cafeteria diet rather than 
rat chow. Further, a variation in taste and smell often contributes to higher food 
intake, an effect called dessert effect. 

Negative feed back signals can derive from the stomach wall, since it has 
been shown that distension of the stomach during food intake leads to the acti- 
vation of mechanosensors (Phillips and Powley 1996). These sensors signal the 
filling state of the stomach to the AP/NTS area via vagal afferents and thus 
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induce satiation (Schwartz et al. 1991). Satiety signals from the small intestine, 
in contrast, are rather created by the presence of nutrients in the intestinal 
lumen. The small intestine contains receptors monitoring the composition of 
the chymus as well as its osmotic pressure since food intake at least temporar- 
ily dramatically inereases the osmolarity in the intestinal lumen (Davis et al. 
1975). Most of these signals are also conveyed to the CNS via vagal afferents 
which project to the AP/NTS area. 

Transmission of information can also comprise the release of gastrointes- 
tinal (GI) hormones such as CCK, bombesin (BBS) or the panereatie hormones 
amylin, glucagon and insulin which all play an important role in the regulation 
of food intake. These satiety hormones are released from the GI tract in 
response to food intake and act partly via receptors on vagal or splanchnic 
afferent nerves (CCK, BBS) or directly in the CNS (amylin, insulin; Lutz et al. 
1998a, Schwartz et al. 1997, Smith and Gibbs 1994). 

Undoubtedly the gastrointestinal peptide that has been investigated most 
extensively is CCK, which apart from its role in the contraction of the gall blad- 
der and the stimulation of the exocrine pancreas, acts as a potent endogenous 
satiety peptide. One of CCK's main effects appears to be the termination of 
meals. The importance of CCK was underlined by studies showing that CCK 
antagonists, by blocking the action of endogenous CCK, increased food intake. 
The anorectic action of CCK appears to be partly linked to its inhibitory effect 
on gastric emptying. CCK's anorectic effect is mainly mediated by receptors 
located on gastric vagal afferents which partly represent volumesensitive 
mechanosensors. Humoral and physical stimuli therefore may activate the 
same vagal afferents projecting to the AP/NTS region (Schwartz et al. 1991). 

BBS, and its mammalian analogue gastrin releasing peptide, are also con- 
sidered physiologieal satiety peptides. Similarly to CCK, the physiological 
importance of this peptide is underlined by the stimulating effect on food intake 
of the administration of BBS antagonists or antibodies. BBS's anorectic action 
is also at least partly mediated by afferent nerves projecting to the AP/NTS 
region. However this brain region also contains receptors for BBS which may 
be reached by circulating BBS to mediate BBS's anorectic action (Ladenheim 
and Ritter 1993, MeCoy and Avery 1990). 

Another satiety peptide being secreted from the pancreatic B-cells together 
with insulin is amylin (islet amyloid polypeptide). Amylin has been discovered 
as the main constituent of pancreatic amyloid deposits which are characteris- 
tically found in diabetic cats (domestic and feral) and type 2 diabetic humans. 
Amylin is an important regulator of carbohydrate and calcium metabolism but 
amylin also acts as a satiety peptide (Cooper 1994, Lutz et al. 1995, Lutz and 
Rand 1995). 

Amylin is co-released with insulin from the pancreatic B-cells in response 
to food intake. Numerous experiments have provided convincing evidence that 
the anorectic effect of peripherally released amylin is mediated by neurons in 
the central nervous system rather than by peripheral receptors (Lutz et al. 
1998a, b, c). These studies show that neurons in the AP/NTS region appear to 
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mediate amylin's effect after IP administration — the pathway which closely 
mimicks the natural situation with amylin release from the pancreas into the 
portal vein. Since the AP lacks a functional blood brain barrier, circulating 
amylin ean easily reach the amylin receptors in the AP (Lutz et al. 1998c). 

After central administration, amylin turned out to be one of the most potent 
anorectic peptides described so far (Lutz et al. 1998b). Although amylin has a 
sustained effect to reduce food intake and body weight when infused chroni- 
eally (Arnelo et al. 1996), it is not clear yet if amylin, together with insulin, also 
contributes to the long term regulation of food intake and body weight. 

Feed back signals from the hepatoportal area are postabsorptive in nature. 
The portal area contains glucose-sensitive structures which by modulating the 
discharge rate in hepatic vagal afferents seem to influence food intake (Schar- 
rer et al. 1996). The availability of glucose, e.g., leads to a decrease in food 
intake whereas blockade of glucose metabolism by glucose antimetabolites has 
the opposite effect (Niijima 1983). Oxidation of fatty acids in the portal area 
also appears to generate a satiety signal since the inhibition of fatty acid oxi- 
dation by various means stimulates food intake in satiated animals (Scharrer 
et al. 1996). Further, the energy status in the portal area appears to be sensed 
in the hepatoportal area with the signal being transmitted mainly via hepatic 
vagal afferents (Friedman 1997). 

The general concept for the long-term regulation of food intake and main- 
tenance of body weight, or more precisely, body fat, was proposed more than 40 
years ago in the lipostatie theory. This theory postulates the presence of 
humoral faetors whose concentration depends on the size of the adipose tissue 
(Kennedy 1953). The most important lipostatic signals appear to be insulin and 
leptin. 

Insulin perfectly fulfills the criteria of a long term feed back signal as pos- 
tulated in the lipostatie theory. The plasma insulin concentration increases 
with increasing size of the body's fat stores because increasing adiposity leads 
to insulin resistance which in turn is counteracted by a compensatory increase 
of the plasma insulin level. Insulin is able to penetrate the blood brain barrier 
and insulin receptors in the hypothalamus mediate insulin's anorectic effect. 
The anorectic effect of insulin is a specific effect of insulin on the CNS and it is 
not mediated by a modulation of the plasma glucose concentration. The hyper- 
phagia that is characteristically observed in diabetes mellitus is at least in part 
due to a lack of circulating insulin (as in type 1 diabetes) or a reduced insulin 
response or insulin sensitivity (as in type 2 diabetes; Sehwartz et al. 1997). 

The anorectic effect of insulin is being investigated extensively in conjunc- 
tion with the recently diseovered hormone leptin, or OB protein, which is eur- 
rently considered the most important long term regulator of food intake (Fried- 
man and Halaas 1998). The ob/ob mouse has been known for many years but 
ihe underlying mechanism for the obesity in these animals remained unknown 
until recently. In 1994, Friedman, Zhang and coworkers succeeded in charac- 
terizing the gene product of the ob gene which is OB protein, or leptin. Mutation 
of the ob gene leads to massive obesity in mice due to the lack of leptin produc- 
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tion. Phenotypically similar are the db/db mice whose leptin receptor is defec- 
tive due to a mutation ofthe db gene which codes for the leptin receptor. Similar 
mutations have recently been described in humans as well, i.e. massive obesity 
due to the lack of leptin or, alternatively, due to the lack of functional leptin 
receptors in the CNS. It appears, however, that these mutations only oceur in 
an extremely small subpopulation of obese individuals and are therefore una- 
ble to explain the majority of cases of human obesity. Leptin's main production 
site is the white adipose tissue which explains why increasing adiposity leads 
to a concurrent inerease in the plasma leptin concentration. Leptin is being 
transported into the CNS and leads to a reduction in food intake and an 
increase in energy expenditure (Friedman and Halaas 1998). 

Although leptin may undoubtedly be a very important hormone in the reg- 
ulation of food intake and body weight, it does not seem to be the only or final 
pathway regulating feeding behavior. Even though ob/ob mice completely lack 
leptin, they are able to regulate food intake and body weight albeit at a higher 
level than normal individuals. It may be, however, that the leptin signal may be 
a protection system against starvation rather than to defend obesity. That 
means that very low leptin levels due to the depletion of the body's adiposity 
stores signal the immediate need to consume food. This explanation is plausi- 
ble beeause the defense against starvation is far more important than the 
defense against obesity under natural feeding situations. 

lt was already mentioned that within the CNS, the brain stem and the 
hypothalamus have a pivotal role in the regulation of food intake and body 
weight. This system encompasses extremely complex pathways and various 
neurotransmitters involved in the central processing of the feed back signals 
described above. Among them are the neurotransmitters serotonine, hista- 
mine, norepinephrine and dopamine (Rowland et al. 1996). Serotonine appears 
to centrally mediate the anorectic action of CCK, while histaminergie neurons 
appear to be involved in the pathways mediating the anorectic effects of BBS 
and amylin. The effects of dopamine on food intake appear to be more complex 
because dopamine reduces food intake via the lateral hypothalamus whereas 
dopamine is also involved in the rewarding system of food in the nucleus 
accumbens. Teleologically, it makes good sense for food to be rewarding 
because this system ensures the search for food. 

Apart from these classical neurotransmitters, the neuropeptides cortico- 
tropin releasing factor (CRF)/melanocortin and neuropeptide Y (NPY) also 
play important roles in the regulation of food intake. NPY is considered one of 
the most potent endogenous substances to stimulate feeding. NPY's most 
important counterpart appears to be CRF (Rowland et al. 1996). 

Insulin and leptin appear to exert their anorectic action via the modulation 
of NPY and CRF synthesis and/or release. Insulin and leptin reduce the expres- 
sion of NPY while leptin increases the production and release of CRE Both 
effects explain the anorectic action of the two lipostatic feed back signals. 
Other neurotransmitters have been isolated very recently that play a role in the 
regulation of food intake and mediate the anorectic effect of leptin (orexins, 
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CART [cocain and amphetamine regulated transcript] peptide; Friedman and 
Halaas 1998). 

Concerning the regulation of food intake under pathophysiological condi- 
tions, it is well known that appetite is reduced during infeetious diseases. This 
decrease in appetite appears to be brought about by various cytokines such is 
interleukins and tumor necrosis factor alpha (Porter et al. 1998). Teleologically, 
this mechanism makes sense in that reduction in food intake reduces the sup- 
ply of essential nutrients for the microorganisms causing the infection. Fur- 
ther, diseased animals would generally be an easy prey for their enemies if 
searching for food. 

In ruminants, most factors involved in the regulation of food intake act in 
exactly the same way as in monogastric animals. There are, however, some 
peculiarities due to the differences in the digestive system and the special met- 
abolic situation in ruminants. Distension of the reticulo-rumen is sensed by 
mechanosensors and limits food intake much in the same way as distension of 
the stomach in monogastric animals. Further, the osmolarity in the ruminal 
lumen can be sensed by osmoreceptors acting similarly to small intestinal sen- 
sors in monogastric species. Since ruminants absorb propionate and other 
short chain fatty acids (SCFA) from their gastrointestinal tract rather than glu- 
cose, it seems plausible that the liver or portal area sense the propionate con- 
centration rather than having glucose receptors. It is not clear yet, however, 
whether propionate itself is sensed or whether the reduction in food intake is 
mediated by propionate-induced release of insulin and glucagon from the pan- 
creas (Grovum 1995). 

Finally, the regulation of food intake and body weight in seasonal animals 
is a very interesting, but rather unexplored area since almost nothing is known 
about the specific mechanisms leading to and underlying the cycling in food 
intake and body weight in seasonal mammals (Mercer 1998). 

Seasonal mammals are characterized by periodic changes in food intake 
and body weight, or adiposity, respectively. The changes in food intake are 
anticipatory rather than reactive in nature and often occur despite the ad libi- 
tum availability of food at the time food intake is reduced. Seasonal hyper- 
phagia leads to an increase in adipose tissue mass and hence seasonal obesity. 
Then, despite the availability of food, food intake is reduced in anticipation of 
the short day period in the annual cycle. 

In some seasonal mammals at least, cycling occurs even in the absence of 
environmental cues that could trigger this behavior. That means, that photope- 
riodic signals are not required for body weight cycling in all seasonal mam- 
mals. The seasonal body weight cycling has often been explained by a so called 
“sliding set point” hypothesis which postulates that the set point for ideal body 
weight changes periodically but independently of the age of the animals during 
the annual cycle in a reversible way. In some but not all cases, this behavior is 
triggered by the photoperiod. 

Although the durational signal for the light or dark period and hence pho- 
toperiodic changes are coupled to the secretion of melatonin from the pineal 


306 


Regulation of food intake 


gland, the site of the melatonin signal and downstream signals are still 
unknown. 

Only little is known about the mechanisms underlying the seasonal 
changes in food intake and body weight in seasonal animals. Hypothetically, 
seasonal changes in food intake could be coordinated by a varying sensitivity 
to meal-related satiety signals. According to some studies, this appears to be 
case for CCK. How photoperiod might modulate the sensitivity of the animals 
to CCK is not known. Further, the seasonal changes in body weight in the slid- 
ing set point hypothesis could theoretically be due to a seasonal pattern in lep- 
tin sensitivity. Although there seems to be a seasonal change in leptin expres- 
sion with lower levels in the short day period, this appears to be the reaction to 
lower body weight and adipose tissue stores rather than the underlying cause 
of the body weight cycling. There may be an adaptation at the level of the fat 
cells, but again, the factors modulating fat cells are completely unknown. 

Its should be noted as a final point that no clear evidence exists regarding 
seasonal changes in the sensitivity to the action of NPY, CRF or other neuro- 
modulators within the central nervous system (Mercer 1998). 
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Vitamin C Nutrition in Zoo Animals 


Abstract 


Nutritional deficiencies related to vitamin C are occasionally re- 
ported in zoo animals. The problem can occur in animals with an 
essential requirement for ascorbic acid, i.e. primates, guinea pigs, 
certain bat species, some passeriform birds, most fish and crusta- 
ceans, invertebrates, and insects. Other animals that have the abil- 
ity to biosynthesise vitamin C can also develop marginal deficien- 
cies due to stress or diseases. To overcome such nutritionally defi- 
cient episodes it is common practice to supplement the feed with 
vitamin C. The product forms of vitamin C which are available on 
the market are reviewed. To elucidate the stability of vitamin C, a 
coated form and a phosphorylated form were tested in mash and 
pelleted guinea pig feed. All feeds were exposed to either room tem- 
perature (20-24 °C) or 35 °C. A sample of pelleted feed was also irra- 
diated and stored at room temperature. Vitamin C activity was an- 
alysed before and after pelleting process, and after 1, 4 and 7 
months. In mash feed the coated vitamin C showed sufficiently good 
stability over the seven month storage period. In the pelleted feeds, 
including the irradiated feed, ouly the ascorbyl-phosphate form 
showed high retention figures for vitamin C during the entire stor- 
age period. 


Keywords 


ascorbic acid, ascorbyl-ester, essentiality, stability, 
guinea pig 


ite Introduction 


The requirement of vitamin C (ascorbic acid) is a common property of living or- 
ganisms. Vitamin C is a semi-essential nutrient in so far as not all animal spe- 
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cies are dependent on the exogenous and regular supply of the vitamin. Wild 
and healthy animals do not develop deficiency symptoms, since fresh food con- 
tains enough vitamin C. In captivity, however, deficiency symptoms for vitamin 
C are reported for several animal species. Nutritional supplementation of 
ascorbie acid to vitamin C-dependent animals does not in all eases prevent the 
detrimental effects of scurvy. Therefore it is considered worthwhile to review 
common knowledge of vitamin C nutrition in domestic animals and to extend 
this to the nutrition of wild animals in captivity. Factors which influence the nu- 
tritional requirements are discussed later. Due to the different stability and 
availability of various vitamin C forms it is of importance to choose the right 
produet form for healthy nutrition. A model study was conducted to elucidate 
the stabilitv of different vitamin C forms in complete dry feed. 


2. Essentiality of vitamin C 


The essentiality of vitamins is defined by the following characteristies: they are 
1. organie constituent of the diet, 2. presence in minute concentrations (mg/kg) 
in feed, 3. nutritive components but distinct from fat, protein and carbohy- 
drates, 4. essential for development of normal tissue and for health, growth, 
and maintenance. 

All primates of higher order including man, guinea pigs, some bats, some 
passeriform birds, most fish and erustaceans, invertebrates and inseets lack the 
ability to synthesise vitamin C in the body (Chatterjee et al. 1975). They have an 
essential requirement for vitamin C. In case of absence of vitamin C from feed 
these animals will develop specific deficiency symptoms. In man these symptoms 
are known under the terms scurvy or scorbut. Therefore, feed composition must 
comprise feeds which, by nature, contain sufficient vitamin C. Most processed 
feeds hardly contain any vitamin C activity. In such cases, a supplementation of 
vitamin C in powder or liquid form must be applied on a daily basis. The feeding 
strategy of providing pure vitamin C can be threefold: either 


* to cover the full requirement of vitamin C which is mostly applied in com- 
plete feed regimes, or 


* asasupplement to natural and non-processed or processed feeding stuffs, 
or 


* asan insurance for unpredictable intake from natural feeding stuffs. 


In many animal species of higher phylogenetie order vitamin C can be synthe- 
sised in the body. Most mammals have the capability to synthesise vitamin C in 
the liver. Birds, reptiles, and amphibians can synthesise vitamin C in the kid- 
neys. Although these animals are autarkie with regard to vitamin C, situations 
can occur which can either limit their ability to bio-synthesise the nutrient or the 
physiologically required amount can exceed the actual synthesis of vitamin C. 
From domestic fowl it is known that the ability to synthesise vitamin C 
develops only after hatch throughout the first stages of life (Hornig and Frigg 
1979). Moreover it is well documented that several stress factors, e.g. erowding 
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or disturbances, can increase the nutritional requirement of vitamin C which 
may ultimately result in marginal deficiencies. Liver or kidney dysfunctions, 
e.g. those caused by infections or mycotoxins, may also result in a physiologi- 
cal status of deficiency. 

Dietary addition of vitamin C, similar to other vitamin/mineral supple- 
ments, given in moderate amounts can be considered as a kind of insurance for 
those individual animals that have difficulties in covering their requirement by 
own synthesis. 


3. Nutritional requirement of vitamin C 


Most studies on vitamin C requirements were conducted with ascorbic acid in 
its non-protected form in the past. In most of the studies no provision was made 
for the chemically labile vitamin C. It is therefore impossible to achieve a mean- 
ingful estimate of true dietary requirement. The results from Cho and Cowey 
(1991) with a stable form of ascorbic acid suggest a requirement in salmonid 
fish at below 10 mg vitamin C per kg dry feed. Maximum survival and weight 
gain were used in the study as parameters to derive at the nutritional require- 
ment. In catfish, a similar requirement is given by the results of El Naggar and 
Lovell (1991). 

In many cases diets for guinea pigs, passeriform birds, fish and crusta- 
ceans exceed concentrations of 50 to 100 ppm vitamin C in dry feed. An inter- 
species comparison of vitamin C requirement is stil! lacking. Results from var- 
ious fish species (El Naggar and Lovell 1991, Cho and Cowey 1991) and rhesus 
monkey (Machlin et al. 1976) suggest that the nutritional requirement of 10 mg 
Vitamin C per kg dry feed is sufficient to cover the vitamin C requirement. For 
reasons of poor accuracy of mixing, instability, and losses of vitamin C during 
processing, a safety factor of 5-10 times the requirement may be advised. 


4. Vitamin C product forms 


Processing and composition of animal food can have a detrimental effect on the 
content or availability of nutrients. While some nutrients like amino acids can 
be denatured throughout the processing process of feed, other nutrients of la- 
bile characteristics are also decomposed or inactivated. Vitamin C in its unpro- 
tected form is easily and irreversibly oxidised to the 2,3 diketogulonie acid 
form. Hereafter, the inactivated form of vitamin C has lost its nutritional func- 
tion. 

For the production of compound feed or nutritional and veterinary supple- 
ments the feed additive industry offers a wide range of products. The list given 
below reviews the different vitamin C types in a systematic way: 


* vitamin C - straight acid form 

* vitamin C salts — Na, Ca, Mg salts 

* coated vitamin C erystals - coatings: ethylcellulose, silicone, fat 

* vitamin C beadlets - vitamin crystals embedded in organic matrixes 
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* vitamin C esters — ascorbyl-palmitate, ascorbyl-phosphate, ascorbyl-sul- 
phate 


The straight vitamin C is the product of choice in liquid preparations for imme- 
diate or “emergency” nutritional use. The Na-salt of vitamin C is mainly used 
in water-soluble powders. In compound feed production several detrimental 
physical faetors can adversely affect the labile vitamin C molecule: i.e. heat, 
pressure, high moisture, direct light, and time of exposure to the physical fac- 
tors. The vitamin industry have developed various vitamin C forms over the 
past 40 years to overcome the problem of instability. All coated forms show in- 
complete coverage of the vitamin C erystals. Protection against adverse physi- 
cal factors, e.g. heat, pressure, humidity, oxygen, is therefore insufficient. This 
is particularly true throughout the pelleting and extrusion processes. The best 
stability of vitamin C in compound feed is found in the sulphate and phosphate- 
esters of ascorbie acid. 

The feed additive market offers ascorbyl-phosphate forms with varying 
purity. All product forms that have been tested offer excellent availability to the 
animal organism. The sulphate-form of ascorbic acid, in contrast, has only little 
availability. Only 2-5 % availability is found in fish. In primates and guinea pigs 
the availability is close to 0 9o. Today, the phosphate form of ascorbic acid has 
found wide acceptance in the feed industry. Here it is used whenever a stable 
and nutritionally available vitamin C form is required. 


5; Stability of vitamin C in complete feed for guinea pigs: a model 
study: 


An experiment on the comparison of a coated vitamin C versus a phosphate de- 
rivative of vitamin C was conducted to study the stability of the two vitamers. 
A complete feed for guinea pigs was used as a model diet to estimate the losses 
of vitamin C either from mash feed or from pelleted feed. Two batches of com- 
plete feeds were mixed. Except the vitamin C source, the composition of the 
feeds were identical. In Feed No. 1 the amount of 2 grams of ethylcellulose coat- 
ed vitamin C (Rovimix C-EC, 97.5 % vitamin C activity) per kg was added; Feed 
No. 2 was supplemented with 440 mg vitamin C per kg feed in the form of ascor- 
byl-phosphate (Brandname: Rovomix Stay-C 35, 35 % vitamin C activity.). Vita- 
min C analyses were conducted at the day of production and after a storage pe- 
riod of 1 month, 4 months and 7 months, respectively. Both feeds, mash and 
pelleted forms, were subdivided into two groups. One was stored at room 
temperature (20-24 °C) and the other was stored at 35 °C (aggressive storage 
condition). Relative humidity was between 50 % and 60 %. In addition, repre- 
sentative samples of each feed were vacuum sealed right after production and, 
hereafter, irradiated (minimal dose: 25 kGy). The samples were stored at room 
temperature. The analysis of vitamin C and ascorbyl-phosphate were conduct- 
ed according to Pongracz (1971) and Wang et al. (1988), respectively. 

Vitamin C concentrations in feeds for the coated vitamin C are given in 
Fig. 1. In mash feed, practically no deterioration could be found irrespective of 
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the temperature condition. The pelleting process reduced the vitamin C con- 
centration by approximately 20 %. Feed storage up to 7 months reduced the 
vitamin C concentration dramatically. Irradiated pellets showed an additional 
loss of vitamin C activity when compared to non irradiated pellets. 


p 2000- 1 

x 

= 1500 - 

= | | mash at RT 

& 1000- ma |-] mash at 35 °C 

8 | | | [I pellets at RT 

z di T | Bil pellets at 35 °C 
= 4 m ma la pellets irradiated 


Q-value 1months 4months 7 months 
Fig. 1. Vitamin C Retention in Guinea Pig Feed before and after Pelleting and after 
Irradiation; Supplemented Vitamin C-form: Coated Vitamin C (Rovimix C-EC). 


Figure 2 shows the vitamin C concentrations in feeds for the phosphor- 
ylated product. Again, in mash feed all added vitamin C could be recovered. Pel- 
leting resulted in a loss of 15 % vitamin C activity. No time-dependent additional 
losses could be found till the end of the trial after 7 month. Radiation gave 
somewhat lower analytical results as compared to untreated feed. 
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Fig.2. Vitamin C Retention in Guinea Pig Feed before and after Pelleting and after Irra- 
diation; Supplemented Vitamin C-form: Phosphorylated Vitamin C (Rovimix 
STAY-C 35). 


6. Conclusion 


In vitamin C-dependent animals it is essential to feed vitamin C. Processed 
feeds do not contain sufficient amount of this essential nutrient. A supplemen- 
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tation of ascorbic acid to the compound feed is therefore required. The feed ad- 
ditive industry offers several vitamin C forms for feed supplementation. Coated 
vitamin C forms are stable enough in mash feed to guarantee a sufficient intake 
from the amount added. In the case of feed processing where aggressive phys- 
ical forces are common, e.g. pelleting or irradiation processes, it is recom- 
mended to fortify the feed with the phosphorylated form of ascorbic acid. This 
derivative is the only type of vitamin C which combines high stability during 
processing with excellent availability in the organism. 
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